University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2012

Novel thermoelectric oxides for high temperature
power generation
Priyanka Jood

Recommended Citation
Jood, Priyanka, Novel thermoelectric oxides for high temperature power generation, Doctor of Philosophy thesis, Institute for
Superconducting & Electronic Materials, University of Wollongong, 2012. http://ro.uow.edu.au/theses/3600

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

NOVEL THERMOELECTRIC OXIDES FOR HIGH
TEMPERATURE POWER GENERATION

This thesis is submitted as part of the requirements for the award of the degree

DOCTOR OF PHILOSOPHY
From the

UNIVERSITY OF WOLLONGONG
By

PRIYANKA JOOD, M.Sc., B.Sc.
Institute for Superconducting & Electronic Materials
AIIM Facility, Innovation Campus

April, 2012

CERTIFICATION

I, Priyanka Jood, declare that this thesis, submitted in partial fulfilment of the
requirements for the award of Doctor of Philosophy, in Institute for
Superconducting & Electronic Materials, University of Wollongong, is wholly my
own work unless otherwise referenced or acknowledged. The document has not been
submitted for qualifications at any other academic institution.

Priyanka Jood

April, 2012

i

ACKNOWLEDGEMENTS

Firstly, it is a pleasure to convey my gratitude to Prof. S. X. Dou for believing
in me and providing me the opportunity to work in ISEM, University of Wollongong
as a PhD candidate.
I would like to express my gratitude to my supervisors, Dr. Germanas
Peleckis and Prof. X. L. Wang for their supervision and advice throughout my
research. I want to thank them for providing me with great encouragement and
support in various ways during my PhD studies.
It is my pleasure to pay tribute also to Prof Ganpati Ramanath, Rensselaer
Polytechnic Institute (RPI), USA for giving me the opportunity to work in his lab as
a visiting scholar. I learnt a lot from this experience which I am very grateful for. I
would also like to thank my colleagues at RPI, especially Dr. Rutvik J. Mehta for the
very healthy discussion we had regarding our work which helped me grow in my
research area.
I must specially acknowledge all my friends and fellow colleagues at ISEM
who made the whole PhD period a very productive and an enjoyable one. I want to
convey a special thanks to my dearest friend Mr. Victor Malgras especially for his
moral support during the later period of my PhD and for always being there for me
when I need it the most.
I would like to express my gratitude to the Australian Research Council
(ARC) for the Discovery Grant DP0879714 and University of Wollongong for
providing funding for my PhD project. I would also like to acknowledge ARC
Linkage International LX0881969 Grant to support my travel to United States for
collaborative research.
ii

I gratefully thank all the members of ISEM including the technical staff for
their assistance in making use of the facilities and for the trainings. Special thanks to
Mr. Darren Attard, Dr. Yi Du and Dr. Germanas Peleckis for helping me with the
operation of various equipments. I would also like to thank Dr. Tania Silver for
doing correction regarding English in my thesis.
My family deserve a special mention for their inseparable support and love
throughout my life. My father Dr. Ram Singh and my mother Dr. Sudesh Jood have
been my ultimate inspiration since my childhood. They have taught me to stand out
from the crowd and give in my best in whatever task I do. A special thanks to my
brother Mr. Prateek Jood, for his tremendous love and respect towards me as his
elder sister.

I feel myself lucky to have such a loving and a caring family.

Finally, I would like to thank everyone who was important to the successful
realization of this thesis. Although, the present work is presented as my own, it could
not have been possible without the help of many people.

iii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ........................................................................................ i
LIST OF FIGURES ................................................................................................ viii
LIST OF TABLES .................................................................................................. xvi
ABSTRACT ............................................................................................................. xix
Chapter 1 .................................................................................................................... 1
1 Introduction & Literature review.......................................................................... 1
1.1

Motivation ................................................................................................... 1

1.2

Thermoelectric Phenomena....................................................................... 5

1.2.1

Seebeck Effect ......................................................................................... 6

1.2.2

Peltier Effect ........................................................................................... 8

1.2.3

Thomson Effect ...................................................................................... 9

1.3

Thermoelectric Figure of Merit .............................................................. 10

1.4

Conflicting Thermoelectric Properties ................................................... 11

1.4.1

Optimization of Carrier Concentration ............................................. 11

1.4.2

Optimization of Effective Mass ........................................................... 12

1.4.3

Optimization of Thermal Conductivity .............................................. 13

1.5

Thermoelectrics in Modern Power Generation ..................................... 16

1.5.1

History of Thermoelectric Applications ............................................. 16

1.5.2

Thermoelectric waste heat recovery in automotive application ...... 17

1.5.3

Thermoelectric power generation for space applications ................ 18

1.5.4

Thermoelectric waste heat recovery from industrial applications .. 18

1.6

Thermoelectric Materials ........................................................................ 20

1.7

Non-Oxide Materials ................................................................................ 21

1.7.1
1.8

Nanostructuring: An Efficient Approach .......................................... 23
Oxide Materials ........................................................................................ 28

1.8.1

Concept of Nanoblock Integration ..................................................... 29

1.8.2

Ca3Co4O9: p-type thermoelectric material........................................ 33

1.8.3

ZnO: n-type thermoelectric material ................................................ 37

References ................................................................................................................. 40
Chapter 2 .................................................................................................................. 50
2 Experimental Methods ......................................................................................... 50
iv

2.1

Materials Fabrication .............................................................................. 50

2.1.1

Solid State Reaction ............................................................................. 50

2.1.2

Ball milling ............................................................................................ 50

2.1.3

Microwave Synthesis............................................................................ 52

2.1.4

Pulsed Laser Deposition (PLD) ........................................................... 52

2.2

Sample Characterization Techniques .................................................... 54

2.2.1

X-ray diffraction (XRD) ...................................................................... 54

2.2.2

Scanning electron microscopy (SEM) ................................................ 55

2.2.3

Transmission electron microscopy (TEM)......................................... 56

2.2.4

Energy-dispersive X-ray spectroscopy (EDS) ................................... 57

2.2.5

Atomic force microscopy (AFM) ........................................................ 58

2.2.6

Optical spectroscopy ............................................................................ 59

2.3

Thermoelectric Measurements ............................................................... 61

2.3.1

Physical properties measurement system (PPMS) ............................ 61

2.3.2

Steady state technique for thermal conductivity and Seebeck

measurements ................................................................................................... 63
2.3.3

Van der Pauw setup for electrical conductivity measurements ....... 64

2.3.4

Hall measurements for carrier concentration ................................... 66

2.3.5

High temperature electrical conductivity and Seebeck coefficient

measurements using ULVAC (ZEM-3).......................................................... 68
References ................................................................................................................. 70
Chapter 3 .................................................................................................................. 71
3 Effect of gallium doping and ball-milling process on the thermoelectric
performance of ZnO ................................................................................................ 71
3.1

Preface ....................................................................................................... 71

3.2

Experimental ............................................................................................ 72

3.3

Results and Discussions ........................................................................... 73

3.3.1

Optimization of Synthesis technique .................................................. 73

3.3.2

High Temperature Thermoelectric Properties .................................. 81

3.3.3

Jonker Plot Analysis ............................................................................ 86

3.4

Conclusion................................................................................................. 89

References ................................................................................................................. 90
Chapter 4 .................................................................................................................. 93
v

4 Thermoelectric performance of bulk nanostructured ZnO doped with Al ..... 93
4.1

Preface ....................................................................................................... 93

4.2

Experimental ............................................................................................ 94

4.3

Results and Discussion ............................................................................. 96

4.3.1

Synthesis and Characterization of Al doped ZnO nanoparticles .... 96

4.3.2

Characterization of bulk nanostructured pellets ............................ 102

4.3.3

Room temperature thermoelectric properties ................................. 104

4.3.4

High temperature thermoelectric properties................................... 110

4.4

Conclusion............................................................................................... 113

References ............................................................................................................... 114
Chapter 5 ................................................................................................................ 117
5 Microstructural, optical and thermoelectric properties of In and Bi doped
nanocrystalline ZnO synthesized via the microwave mediated route ............... 117
5.1

Preface ..................................................................................................... 117

5.2

Experimental .......................................................................................... 118

5.3

Results and Discussions ......................................................................... 120

5.3.1

Synthesis and characterization of doped ZnO nanoparticles ........ 120

5.3.2

Characterization of bulk pellets ........................................................ 123

5.3.3

Thermoelectric properties of In-doped ZnO ................................... 126

5.3.4

Thermoelectric properties of Bi-doped ZnO ................................... 131

5.4

Conclusion............................................................................................... 133

References ............................................................................................................... 135
Chapter 6 ................................................................................................................ 138
6 Thermoelectric properties of co-doped ZnO: Zn1-x-yAlxInyO with in situ
ZnAl2O4 nano-inclusions ....................................................................................... 138
6.1

Preface ..................................................................................................... 138

6.2

Experimental .......................................................................................... 138

6.3

Results and Discussions ......................................................................... 140

6.3.1

Synthesis and Characterization ........................................................ 140

6.3.2

Thermoelectric properties of co-doped ZnO ................................... 152

6.4

Conclusion............................................................................................... 159

References ............................................................................................................... 160
Chapter 7 ................................................................................................................ 161
vi

7 Thermoelectric properties of Ca3Co4O9 and Ca2.8Bi0.2Co4O9 thin films on
LaAlO3 substrate fabricated by pulsed laser deposition .................................... 161
7.1

Preface ..................................................................................................... 161

7.2

Experimental .......................................................................................... 162

7.3

Results and Discussion ........................................................................... 163

7.3.1

Fabrication and Characterization .................................................... 163

7.3.2

Thermoelectric Properties of CCO and CB02 thin films ............... 172

7.4

Conclusion............................................................................................... 176

References ............................................................................................................... 178
Chapter 8 ................................................................................................................ 181
8 Conclusions and proposed future work ............................................................ 181
Publications during PhD ....................................................................................... 186
Conferences Attended during PhD ....................................................................... 187

vii

LIST OF FIGURES

Figure 1.1 Schematic illustration of a thermoelectric module consisting of n- and ptype semiconductor legs. ...................................................................................... 2
Figure 1.2 Thermoelectric device configuration for (a) power generation (Seebeck
Effect), and (b) refrigeration (Peltier Effect). ...................................................... 3
Figure 1.3 Seebeck Effect: power generation. Conductors A and B are two dissimilar
conductors. Joint c and Joint d are the junctions, which are kept at two different
temperatures. Eq. (1.1) represents the Seebeck Coefficient................................. 6
Figure 1.4 Peltier Effect: Refrigeration. The Peltier Effect uses a potential difference
to create a temperature gradient. .......................................................................... 8
Figure 1.5 Thomson Effect over a single homogenous conductor A. ....................... 10
Figure 1.6 Optimizing ZT via tuning the carrier concentration: (a) ZT of a
thermoelectric material can be enhanced through a compromise between κ
(plotted from 0 to a maximum value of 10 Wm-1K-1), and α (0 to 500 µVK-1)
with σ (0 to 5000 Ω-1cm-1). The power factor α2σ shows a peak at higher carrier
concentration than ZT. (b) An optimized value of ZT = 0.8 can be achieved for
a model system, Bi2Te3 with a κl of 0.8 Wm-1K-1 (1). Further reduction of κl to
0.2 Wm-1K-1 increases ZT to above unity (2). Furthermore, reduction in carrier
concentration takes place with lowering of the thermal conductivity, which then
decreases κe and increases the Seebeck coefficient, leading to an even larger ZT
(3) [Fig. Ref.3]. ................................................................................................... 15
Figure 1.7 Common thermoelectric materials divided into two classes, harmful
materials containing toxic substances and environmental friendly materials. The
schematic also illustrates the temperature range in which the materials are
operational. ......................................................................................................... 21
Figure 1.8 Figure of merit ZT shown as a function of temperature for all the major
non- oxide, commercial thermoelectric materials [Fig. Ref.3]. .......................... 22
Figure 1.9 Thermoelectric figure of merit ZT as a function of temperature and year
demonstrating significant achievements. Nanostructuring has allowed ZT > 1 in
many systems [Fig Ref.6 ]. ................................................................................. 25

viii

Figure 1.10 Nanocrystals embedded in PbTe and InGaAs based materials. Crosssectional TEM images of (a) PbTe/PbSe NDSLs, and (b) 0.3% ErAs:InGaAs
[Fig. Ref.6].......................................................................................................... 27
Figure 1.11 Illustrative schematic diagram of the various phonon scattering
mechanisms within a thermoelectric material along with the electronic transport
of hot and cold electrons [Fig. Ref.6]. ................................................................ 28
Figure 1.12 Concept of nanoblock integration applied to functional oxides [Fig.
Ref.2] .................................................................................................................. 30
Figure 1.13 Crystal structures of Co- based thermoelectric oxides: NaxCoO2, Cabased Co oxide known as Ca3Co4O9 and Bi-based Co oxide Bi2Sr2Co2Oy. ...... 31
Figure 1.14 Temperature dependence of the in- plane thermoelectric properties of
the three cobalt oxides shown in Fig 1.13 [Fig Ref2]......................................... 32
Figure 1.15 The fundamental structure of [Ca2CoO3.34]0.6196[CoO2] projected from
the b-axis (left) and parallel to a-axis (right) [Fig Ref 5]. .................................. 34
Figure 1.16 Thermoelectric properties of p- type Ca3Co4O9: 1, single crystal (Masset
et al.7); 2, single crystal (Shinkano and Funahashi8); 3, ceramic (Miyazaki et
al.9); 4, ceramic (Xu et al.10); 5, ceramic (Itahara11); 6, film (Hu et al.14.); 7,
single crystal (Satake et al.19); 8, ceramic ( Li et al.20)][Fig Ref23]. .................. 36
Figure 1. 17 Representation of hexagonal Wurtzite crystal structure of ZnO. ......... 37
Figure 1. 18 Temperature dependent thermoelectric properties: (a) Arrhenius plot of
electrical conductivity, (b) Seebeck coefficient, (c) Thermal conductivity, and
(d) Figure of merit of (Zn1-xAlx)O for x= 0 (○), 0.005 (■), 0.01 (□), 0.02 (●),
0.05 (∆) [Fig Ref.4]. ........................................................................................... 39
Figure 2.1 Schematic diagram depicting ball motion inside the planetary ball mill. 51
Figure 2.2 Pulsed laser deposition system. ............................................................... 53
Figure 2.3 Bragg’s Law defining the conditions for the occurrence of diffraction
peaks. .................................................................................................................. 55
Figure 2.4 Schematic diagram representing a typical UV- Vis spectrophotometer
along with the raw absorbance vs. wavelength graph as an example. ............... 60
Figure 2.5 Thermal and electrical connections for an idealized sample [Fig. Ref.1].63
Figure 2.6 Steady state set-up for the room temperature measurement of thermal
conductivity and the Seebeck coefficient. .......................................................... 64
Figure 2.7 Probe configuration for van der Pauw measurement. .............................. 65
ix

Figure 2.8 Probe configuration for Hall measurement. ............................................. 67
Figure 2.9 A schematic representation of the principle of measurement by ULVAC
ZEM-3. ............................................................................................................... 68
Figure 3.1 Temperature (T) dependencies of (a) electrical resistivity (ρ), (b) Seebeck
coefficient (α), (c) thermal conductivity (κ), and (d) the Figure of Merit (ZT) for
as-sintered Zn0.995Ga0.005O sample prepared by high energy wet ball milling. .. 75
Figure 3.2(a) XRD patterns of the as-sintered Zn1-xGaxO (x = 0, 0.003, 0.005, 0.01)
samples prepared by high energy wet ball milling. The inset shows
representative sections of the XRD patterns for SSR samples. (b) XRD pattern
of low energy dry milled pure ZnO powder showing tungsten impurities. ....... 77
Figure 3.3 FESEM images of (a) surface and (b) cross-section of as-sintered high
energy wet ball-milled Zn0.995Ga0.005O sample. Inset in (a) presents a magnified
view of a void in the sample. (c) and (d) show

FESEM images of

Zn0.995Ga0.005O and Zn0.99Ga0.01O samples prepared by the SSR method. ......... 78
Figure 3.4 EDS spectra showing oxygen and zinc peaks in spectra collected from the
voids and the grain surface. ................................................................................ 78
Figure 3.5 σ of the as-sintered Zn1-xGaxO samples prepared by the SSR method.
(Inset shows electrical conductivity as a function of unit cell volume, extracted
from the lattice parameter refinement for wet high energy milled and SSR
samples).............................................................................................................. 80
Figure 3.6 σ of high energy wet ball-milled Zn1-xGaxO (x = 0, 0.003, 0.005) samples
in the temperature range of 100 K – 1000 K, showing a semiconductor-metal
transition for the doped samples. ....................................................................... 81
Figure 3.7 Logarithm of resistivity versus 1/kT for high energy wet ball-milled Zn1xGaxO

(0.003, 0.005) samples, along with their activation energies. The

resistivity is normalized by the resistivity at 400 K. (The inset shows the plot of
σ vs. T1/2 at temperatures in the range of 165 K – 300 K. The straight lines
represents weak localization in this temperature range.) ................................... 84
Figure 3.8 High temperature measurement dependence of the α for high energy wet
ball-milled Zn1-xGaxO (0.003, 0.005) samples. (The inset shows the power
factor.) ................................................................................................................ 86

x

Figure 3.9 Jonker plots at different temperatures along with the slopes. The inset
shows the intersections of Jonker plot at different temperatures. Here, ln σ0 is
the intersection with the x-axis in the Jonker plot analysis. ............................... 88
Figure 4.1 Schematic illustration of the fabrication of high ZT Al-containing ZnO
nanocomposites by the cold-pressing and sintering of Al-doped ZnO
nanocrystals synthesized by microwave-stimulated solvothermal synthesis. .... 94
Figure 4.2 Schematic representation of the synthesis of ZnO nanocrystals by
microwave irradiation. ....................................................................................... 96
Figure 4.3 SEM micrographs of ZnO nanocrystals synthesized with microwave
doses of (a) 16 kJ/g and (b) 48 kJ/g. Insets show the nanocrystal size
distributions. (c) Bright-field TEM micrograph showing faceted ZnO
nanocrystals doped with 0.25 at.% Al. (d) Representative electron diffraction
pattern showing Bragg rings consistent with the wurtzite structure (Scale bar in
(a) and (b) is 100nm). ......................................................................................... 98
Figure 4.4 X-ray diffractograms of as-synthesized ZnO nanocrystal assemblies,
showing (0002) peak broadening with increasing Al content and corresponding
narrowing of the (10 0) peak. ............................................................................ 99
Figure 4.5 (a) Nanocrystal dimensions normal to the (10 0) and (0002) planes as a
function of Al doping. Insets shows a schematic representation of the ZnO unit
cell, illustrating the relative orthogonal orientation of the two crystallographic
planes, and the nanocrystal aspect ratios calculated from their relative peak
widths as a function of Al-doping. (b) Optical absorption spectra from assynthesized Al-doped ZnO nanocrystal solutions (c) Plots of the band-gap
change (red circles, left axis), the quantum confinement contribution ∆EQC (blue
squares, right axis), and the Burstein-Moss contribution ∆EBM (green triangles,
right axis) to it, as a function of Al-doping. ..................................................... 101
Figure 4.6 (a) X-ray diffractograms (XRD) from sintered pellets of Al-doped ZnO
nanocomposites. Inset shows a zoomed-in version of the data from the dotted
box with arrows indicating peaks from ZnAl2O4. (b) The unit cell volume
extracted from lattice parameter refinement of the XRD, plotted as a function of
Al content. ........................................................................................................ 102
Figure 4.7 Energy dispersive X-ray spectrum from the matrix of the ZnO
nanocomposite, showing the dissolution of Al in the ZnO lattice. .................. 103
xi

Figure 4.8 SEM micrographs for bulk ZnO nanocomposite pellets obtained by
assembly of ZnO nanocrystals with (a) 0.25 and (b) 1 at.% Al. Insets are highmagnification images with 2 μm scale bars. The red arrows in (b) indicate
intergranular porosity. (c) Atomic number contrast SEM images using
backscattered electrons from ZnO nanocomposites with 1 at.% Al (d)
Representative EDX line scans of O, Zn, and Al Kα1 X-ray peaks obtained
across a ZnAl2O4 precipitate along the red line shown in the high-magnification
SEM in (e). (f) TEM image from a 10 μm grain showing tens of-nm-size
intragranular nanograins. Inset is a high-magnification TEM image of a ZnO
nanocomposite (scale bar = 20 nm), showing nanograins with shapes and sizes
reminiscent of the as-synthesized nanocrystals. .............................................. 104
Figure 4.9 Room temperature thermoelectric properties of ZnO nanocomposite
pellets as a function of Al-doping: (a) κ; the dotted red line represents the
modified Debye-Callaway model fit, (b) σ, n, and µe, and (c) α. (d) α (filled
circles) and power factor α2σ (open diamonds) plotted as a function of electron
concentration. The solid lines are the calculated plots for the charge carrier
scattering parameter λ = ½,

and -½, denoting electron scattering from optical

phonons, ionized impurities, and acoustic phonons, respectively. The dotted α2σ
line is only to guide the eye.............................................................................. 108
Figure 4.10 Temperature dependence of (a) α and the power factor α2σ, (b) σ and (c)
 for ZnO nanocomposite pellets with 0.25 at.% Al. The dotted red line in (a)
represents the theoretical calculation for acoustic phonon scattering of electrons
(λ =-1/2). The dotted blue line in (c) is the calculated lattice thermal
conductivity L, and the red square is the experimentally measured roomtemperature . .................................................................................................. 112
Figure 5.1 SEM micrographs of as prepared (a) pure ZnO nanocrystals, and ZnO
nanocrystals doped with (b) 1 at.% indium, (c) 0.5 at.% Bi, and (d) 1 at.% Bi.
.......................................................................................................................... 121
Figure 5.2 Optical absorption spectra from as-prepared (a) bismuth and (b) indium
doped ZnO nanocrystal solutions showing the shift in absorption band edge with
doping. (c) Plots of the band-gap change as a function of indium and bismuth
doping levels. ................................................................................................... 122

xii

Figure 5.3 X-ray diffractograms (XRD) from sintered pellets of (a) Bi-doped and (b)
In-doped ZnO, showing the three most prominent peaks. The arrows indicate
the change in the full width at half maximum of the (0002) peak as a function of
doping level. (c) The unit cell volume extracted from lattice parameter
refinement of the XRD patterns, plotted as a function of doping level. .......... 124
Figure 5.4 (a) SEM micrographs from (a) undoped ZnO pellets (b) In 1 at.% doped,
and (c) Bi 1 at% doped ZnO pellets. Inset in (a) is a high- magnification TEM
image from a 10 µm undoped ZnO grain (d) Atomic number contrast SEM
image using backscattered electrons from Bi 1 at.% doped ZnO (e) Elemental
map of Bi obtained by EDX (f) Representative EDX line scans of O Kα1, Zn
Kα1, and Bi Mα1 X-ray peaks obtained across a grain boundary along the red
line shown in (e). .............................................................................................. 126
Figure 5.5 Room temperature thermoelectric properties of In-doped ZnO pellets as a
function of In-doping: (a) κ; (b) σ, n, and µ; and (c) α. (d) α plotted as a function
of n. The solid lines are the calculated plots for λ = ½,

⁄

, and -½, denoting

electron scattering from optical phonons, ionized impurities, and acoustic
phonons, respectively. ...................................................................................... 129
Figure 5.6 Temperature dependence of (a) α and the power factor α2σ ,and (b) σ for
ZnO doped with 0.5 at.% In. ............................................................................ 130
Figure 5.7 Room temperature thermoelectric properties of Bi-doped ZnO pellets as a
function of Bi-doping: (a) κ (b) σ, n and µ, and (c) α. ..................................... 133
Figure 6.1 SEM micrographs of as prepared ZnO nanocrystals doped with (a) 0.25
at. % Al (A025) (b) 0.25 at.% Al and 0.25 at.% In (I025A025) and (c) 0.25 at.% Al
and 0.5 at.% In (A025I05). .................................................................................. 142
Figure 6.2 Optical absorption spectra from as- prepared nanocrystals having total
doping levels < 1at.% with (a) constant Al doping level (0.25 at. %) and (b)
constant In doping level (0.25 at. %). Insets in the two figures present the values
of the band gaps for the respective samples. .................................................... 144
Figure 6.3 Optical absorption spectra from as- prepared nanocrystals having total
doping levels ≥ 1at.% with (a) constant In doping level (1 at. %) and (b)
constant Al doping level (1 at. %). Insets in the two figures present the values of
the band gaps for the respective samples. (c) SEM micrograph of as-prepared
A1I15. ................................................................................................................ 145
xiii

Figure 6.4 XRD patterns of sintered pellets of Al/In co-doped ZnO for doping level
≥ 1at.% with (a) constant In doping level, and (b) constant Al doping level. (c)
The unit cell volume extracted from the lattice parameter refinement of the
XRD is plotted as a function of the total doping content. ................................ 147
Figure 6.5 XRD patterns of sintered pellets of Al/In co-doped ZnO for doping level
< 1 at.%. ........................................................................................................... 148
Figure 6.6 SEM micrographs for sintered samples with total doping content ≥ 1at.%
and having a constant Al and varying In doping levels: (a) pure bulk ZnO pellet,
(b) sample A1, with the inset showing higher magnification, (c) sample A1I05,
and (f) sample A1I15. The bright spots in the SEM images are ZnAl2O4
nanoparticles. SEM micrograph in (d) shows the zoomed in image of the
encircled area in (c), illustrating the phase segregation. (e) Zoomed in area of (c)
showing no sign of ZnAl2O4 nanoparticles. ..................................................... 150
Figure 6.7 SEM micrographs from sintered samples with total doping content ≥
1at.% and having a constant In and varying Al doping levels: (a) sample I1, (b)
sample I1A05, and (c) sample I1A15. The bright spots in SEM images are
ZnAl2O4 nanoparticles. The insets show these samples at higher magnification.
.......................................................................................................................... 151
Figure 6.8 SEM micrographs for sintered samples with total doping content <
1at.%. (a) sample A025, (b) sample A025I025, and (c) sample A025I05. The bright
spots in SEM images are ZnAl2O4 nanoparticles. The insets show the samples at
higher magnification. ....................................................................................... 152
Figure 6.9 Room temperature thermoelectric properties as functions of In content:
(a) σ, n, and μe, (b) κ, and (c) α of sintered samples with total doping content ≥ 1
at.% having constant Al (1 at.%) and varying In doping levels in Zn0.99yAl0.01Iny.

The thermoelectric properties of pure ZnO are provided on the graphs

for comparison. ................................................................................................ 154
Figure 6.10 Room temperature thermoelectric properties as functions of Al content:
(a) σ, n, and μe, (b) κ, and (c) α of sintered samples with total doping content ≥ 1
at.%, having a constant In (1 at.%) and varying Al doping levels in Zn0.99xAlxIn0.01. .......................................................................................................... 155

Figure 6.11 Seebeck coefficient plotted as a function of electron concentration. The
solid lines are the calculated plots for λ=½,
xiv

⁄

and -½, denoting electron

scattering from optical phonons, ionized impurities, and acoustic phonons,
respectively. ..................................................................................................... 158
Figure 7.1 XRD patterns of pure Ca3Co4O9 (CCO) thin films deposited on LAO
substrate at a substrate temperature of (a) 550 °C, (b) 750 °C, and (c) 600 °C.
.......................................................................................................................... 165
Figure 7.2 Schematic illustration of the Frank − van der Merwe (FM), StranskiKrastanov (SK), and Volmer-Weber (VW) growth modes, which are observed
when material is deposited onto a crystalline substrate under conditions with
large surface mobility. The polycrystalline mode is influenced by limited
surface mobility (Fig Ref6). ............................................................................. 166
Figure 7.3 SEM micrographs of the surface of the thin Ca3Co4O9 film showing (a)
the initial 2D growth of monolayers with grains aligned in a (00l) orientation,
and (b) lower magnification image of the film showing the 3D cluster growth.
(c) and (d) are the EDS spectra collected from spot 1 and spot 2 of (b),
respectively. ..................................................................................................... 168
Figure 7.4 (a)AFM images of the Ca3Co4O9 thin film on LAO substrate deposited at
a substrate temperature of 600 °C. (b) Height profile of the 2D thin film taken
over the location indicated by the red line in the AFM image in (a). (c) Three
dimensional AFM image of the thin film......................................................... 169
Figure 7.5 (a) High and (b) low magnification SEM micrographs of the surface of
Ca2.8Bi0.2Co4O9 thin film deposited on LAO substrate, illustrating the grain size
and the cluster density in the film. ................................................................... 171
Figure 7.6 XRD patterns showing two most prominent peaks, (002) and (004), of
Ca3Co4O9 (CCO) and Ca2.8Bi0.2Co4O9 (CB02) thin films. ............................... 171
Figure 7.7 A Schematic illustration of the differences in surface morphology
between the two studied thin film families. ..................................................... 172
Figure 7.8 Temperature dependence of (a) σ and (b) α for Ca3Co4O9 and
Ca2.8Bi0.2Co4O9 thin films. ............................................................................... 174
Figure 7.9 Temperature dependence of κ of the CCO and CBO2 thin films on LAO
substrate along with the thermal conductivity of the substrate for comparison.
.......................................................................................................................... 175

xv

LIST OF TABLES

Table 1.1 Range of operating temperatures for thermoelectric applications in waste
heat recovery [Fig Ref 1]. ................................................................................... 20
Table 6.1 Stoichiometry and corresponding sample names for the different In and Al
doping level,s with total doping level < 1 at. %. .............................................. 140
Table 6.2 Stoichiometry and corresponding sample names for the different In and Al
doping levels, with total doping level ≥ 1 at. %. .............................................. 141
Table 6.3 Thermoelectric properties of co-doped ZnO samples with total doping
levels < 1at.%. .................................................................................................. 157
Table 8.1 σ, α, κ, α2σ, n, and μ of the samples showing best thermoelectric properties
in their respective category. Pure ZnO values are also shown for comparison.
.......................................................................................................................... 182

xvi

LIST OF ABBREVIATIONS
Abbreviation
α
α2σ
η
ηs
θ
κ
κl
κe, κcarr
κmin
λ
μ
μe
νs
ρ
σ
σ0
∆E
∆EBM
∆EQC
∆Q
∆T
∆V
A
aH
AFM
B
C
ce
d
davg
DC
DOS
DSP
E
EDS
ESB
FM
HE
I
kB, k
l
L
LE
Li
m*
n

Meaning
Seebeck coefficient
Power factor
Efficiency
Charge carrier density
Scattering angle
Thermal conductivity
Lattice thermal conductivity
Carrier thermal conductivity
Minimum thermal conductivity
Wavelength
Mobility
Charge carrier mobility
Sound velocity
Electrical resistivity
Electrical conductivity
Temperature independent part of conductivity
Conductivity activation energy
Energy shift due to Burstein-Moss effect
Energy shift due to quantum confinement
Rate of heat generation
Temperature difference
Thermoelectric voltage
Absorbance
Atomic radius
Atomic force microscopy
Magnetic field
Specific heat
Electronic specific heat
Interplanar distance
Average diameter
Direct Current
Density of States
Digital Signal Processor
Electric field
Energy dispersive X-ray spectroscopy
Energy selective backscattered
Frank-van der Merwe mode
High energy
Current
Boltzmann constant
Mean free path
Lorenz factor
Low energy
Inelastic diffusion length
Carrier effective mass
Carrier concentration
xvii

nc
Nc
PLD
PPMS
q
Q
Rs
SEM
SSR
SK
T
TE
TEG
TEM
TIM
TTO
VdP
VH
VW
XRD
ZT

Critical concentration
Conduction band density of states
Pulsed Laser Deposition
Physical properties measurement system
Fundamental charge of electron in coulombs
Rate of reversible heat generation
Sample resistance
Scanning electron microscopy
Solid state reaction
Stranski-Krastanov mode
Temperature
Thermoelectric
Thermoelectric generator
Transmission electron microscopy
Thermal interfacial material
Thermal transport option
Van der Pauw
Hall voltage
Volmer-Weber mode
X-ray diffraction
Dimensionless figure of merit

xviii

ABSTRACT

Oxide based materials are believed to be the most eco-friendly materials for
thermoelectric (TE) power generation applications. However, their efficiency is still
very low as compared to the conventionally used semiconductor based
thermoelectric materials. ZnO is a promising high figure-of-merit (ZT)
thermoelectric material for power harvesting from heat due to its high melting point,
high electrical conductivity (σ) and Seebeck coefficient (α). In this thesis, the main
emphasis was put onto improving TE properties of ZnO by exploring various
synthesis techniques and dopant elements. The microstructural and electrical
properties of ZnO in its bulk form, void structured, and nanostructured forms have
been thoroughly studied. Finally, one of the most efficient layered cobaltite oxides,
namely Ca3Co4O9, was synthesized and studied. Pure and Bi doped Ca3Co4O9 was
prepared as a Stranski-Krastanov (SK) thin film to evaluate the possibilities of
obtaining high power factors in this material.
Ball milling is a well-known technique to improve the quality of various
materials. Therefore, ball milling was employed as one of the ways to synthesize
pure and Ga doped ZnO bulk ceramics. The optimization of ball milling conditions
was done by exploring three different ball milling regimes which were low energy
(200 rpm) dry milling, high energy (750 rpm) dry milling, and high energy wet
milling. Samples fabricated using high energy wet ball milling (HE) were found to
form highly dense ZnO matrix percolated by voids of ~900 nm average diameter.
EDS analysis confirmed the presence of oxygen vacancies at the grain-void
interfaces which is argued to be the main factor responsible for the increase of
electron concentration in the system. The voids being electrically charged were
xix

expected to create a potential barrier, hence, resulting in energy filtering. This
phenomenon was expected to contribute towards high Seebeck coefficient of -134
µVK-1 at 300 K and -185 µVK-1 at 1000 K for Ga doped ZnO, which is ~30-45%
higher than the values previously reported for the ZnO:Ga system. The voids also
helped in reducing thermal conductivity by behaving as extra phonon scattering
centers, e.g. κ300 K for high energy wet ball milled Zn0.995Ga0.005O sample was ~40 %
lower than that for the low energy wet ball milled Zn0.995Ga0.005O sample which did
not have any voids. The highest power factor achieved for our high energy wet ball
milled samples was 3.7 × 10-4 Wm-1K-2 at 1000 K for Zn0.995Ga0.005O.
Although ZnO is a material with tremendous potential, its practical use is
limited by high lattice thermal conductivity κL. One of the aims was to overcome this
problem by creating phonon scattering centres in the ZnO matrix, while maintaining
high power factors. In this work, undoped and Al doped ZnO nanocrystals were
synthesized using microwave mediated technique and then sintered to form
nanostructured pellets. Through this process we obtained Al-containing ZnO
nanocomposites with up to a factor of twenty lower κL than non-nanostructured ZnO
while retaining bulk-like α and σ. We showed that enhanced phonon scattering,
promoted by Al-induced grain growth inhibition and ZnAl2O4 nanoprecipitates,
resulted in ultralow κ~2 Wm-1K-1 at 1000 K. High α~-300 μVK-1and high σ~1-104 Ω1

m-1 at 1000 K were achieved via offsetting of the nanostructuring-induced mobility

decrease by high, but non-degenerate, carrier concentrations obtained through
excitation from shallow Al donor states. The resultant projected ZT~0.44 at 1000 K
was 50% higher than the best non-nanostructured counterpart at the same
temperature.
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After successfully obtaining Al doped nanostructured ZnO, we investigated
indium (group III) and bismuth (group V) doping in ZnO through microwave
synthesis. In doping lead to a high power factor of α2σ300 K~0.79×10-4 Wm-1K-2 and
α2σ1000 K~12.3×10-4 Wm-1K-2, which is about ~32 % higher than Al doped ZnO. We
believe that this is mainly due to the higher electrical conductivity of the samples. An
effective indium substitution in Zn site was observed with no presence of secondary
phase. Also, owing to the increased porosity of the samples due to In doping, a ~25%
decrease in thermal conductivity was observed (compared to the pure ZnO).
However, due to the absence of any secondary phase nanoprecipitates the κ300

K

values were ~50 % higher than the measured κ300 K for Al doped ZnO. Bi doping, on
the other hand, did not prove to be very beneficial for ZnO due to the ineffective
substitution of Bi in the Zn sites. This was strongly supported by the fact of
significantly lower electrical conductivity, e.g. ~16.7 Ω-1m-1 at 300 K. However,
huge thermopower ( -484 µV/K to -529 µV/K) to some extent compensated such low
electrical conductivity. Low carrier concentrations in Bi doped ZnO were believed to
be a result of the defect complexes formed by Bi with other existing point defects.
To take the benefits from both dopants, i.e. lower thermal conductivity due to
nano-inclusions arising from Al doping and high power factor arising from efficient
indium doping, co-doping of Al and In was employed in ZnO. In this work, various
batches of co-doped ZnO with different levels of dopant concentrations were
synthesized and studied. The morphology and microstructure of the co-doped ZnO
pellets was found to be dependent not only on the ratio of doping levels of the two
dopants, but also on the extent of total doping in the samples. Co-doping with total
doping levels ≥ 1at.% proved to be beneficial in improving thermoelectric properties
of this system by increasing the solubility limit of the dopants. The carrier scattering
xxi

mechanism in these co-doped samples was found to be more influenced by indium
rather than aluminum, with optical phonon scattering found to be the dominant
scattering mechanism. Co-doped sample with 1 at. % Al and 1.5 at.% In (A1I15) was
found to exhibit the highest carrier concentration (~8.3×1018 cm-3) and, hence, the
highest room temperature electrical conductivity (~1.49×103 Ω-1m-1) among all our
single doped and co-doped samples. Highest power factor of α2σ300 K~0.86×10-4 Wm1

K-2 was obtained for A1I15 sample. For all of the microwave synthesized ZnO

samples, the monotonic increase in the α2σ300K with electron concentration n
suggested the possibility of further enhancement of power factor and ZT by
optimizing the doping levels at high electron concentrations n > 1018 cm-3. This work
confirmed that ZnO has very high potential to be an efficient thermoelectric material
in the future. Also some critical paths for further explorations have been identified
and highlighted.
Lastly, thin films of Ca3Co4O9 and Ca2.8Bi0.2Co4O9 were deposited on
LaAlO3 substrate through pulsed laser deposition technique (PLD). The growth mode
of the films was confirmed to be Stranski-Krastanov (SK) where 3D cluster
formation takes place over a thin layer (~14 nm in our case) of epitaxial film. We
found that due to the Bi doping the amplitude of the undulations was reduced, which
in turn restricted the ripening of the clusters. This effect resulted in a large number of
smaller size clusters (about 68 % smaller in diameter) for Ca2.8Bi0.2Co4O9 thin film as
compared to its pure counterpart. Unlike earlier reported trends for Bi doped
Ca3Co4O9 system, measured electrical conductivity of Ca2.8Bi0.2Co4O9 (~388 Ω-1m-1)
was lower than for the pure Ca3Co4O9 (~705 Ω-1m-1). We found that this was caused
by the presence of comparatively large number of clusters which also represent areas
of dislocations and incomplete nucleation. These imperfections obviously act as
xxii

carrier scattering sites. Low electrical conductivities of the thin films were however
compensated by high Seebeck coefficient of 136 μVK-1 for Ca3Co4O9 and 163 μVK-1
for Ca2.8Bi0.2Co4O9. These values are among the highest ever reported for Ca3Co4O9
thin films. The power factor measured at room temperature was ~0.1310-4 Wm-1K-2.
We believe that these values can be further improved by optimizing cluster density
and improving the texture of the films.
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CHAPTER 1
1 Introduction & Literature review

1.1 Motivation
Since ancient times, mankind has been dependent on fossil fuels as a source of
energy. Due to their immense contribution towards human development, fossil fuels
have been considered as the foundation of our modern age. Fossil fuels, such as
petroleum, coal, and natural gas, at present, are the most economically accessible
power sources for both personal and commercial uses. However, it is now strongly
believed that the world is using fossil fuels at an unsustainable rate, meaning that
they will eventually run out. Another major issue associated with the use of fossil
fuels is the environmental pollution that they cause. The basic approach of obtaining
energy from fossil fuels is by burning them. This combustion process not only
produces tremendous amounts of carbon dioxide, which is believed to be the key
cause of global warming, but also releases other air pollutants such as sulphur,
nitrous oxides, and/or other volatile organic compounds. Owing to these drawbacks,
efforts are being made to explore alternative energy sources such as wind,
geothermal, tidal, and solar, which are also known as renewable energy sources.
Renewable energy sources, being clean energy sources, have an extreme advantage
over conventional energy resources from an ecological point of view. Furthermore,
technological advancements have led to the exploration of various novel techniques
for recovering energy in industry, traffic, and households.
Thermoelectric (TE) power generation has emerged as a primary choice for
green technology applications, such as generation of power from waste heat. A
1

practical thermoelectric module consists of n- and p-type semiconductor materials
connected electrically in series and thermally in parallel (Fig. 1.1). This whole
system is mounted between two ceramic plates, which not only supports and contains
the structure mechanically but also provides electrical insulation for the individual
elements from external mounting surfaces. Thermoelectric power generation
involves a direct conversion of thermal energy (heat) into electrical energy as a result
of the temperature gradient with the help of the ‘Seebeck Effect’ (Fig. 1.2(a)). In the
presence of a heat gradient on the surface of thermocouple, charge carriers tend to
migrate from the hot side towards the cold side. At the n-type leg, the flow of
electrons results in the current flowing from the cold side to the hot side. This
movement of the electron flow causes a negative charge build up at the cold side. At
the p- type leg, the migration of the holes results in the current flowing from the hot
end to the cold end. As a consequence, a positive charge build up occurs at the cold
side. A current can be observed in an external circuit by connecting the two junctions
through a metallic interconnect as shown in Fig. 1.2(a). The amount of electrical
power produced directly depends on the thermoelectric efficiency of the individual pand n-type materials, the device architecture, and the heat flux.

Figure 1.1 Schematic illustration of a thermoelectric module consisting of
n- and p-type semiconductor legs.

2

The reverse process, known as thermoelectric refrigeration, is also feasible.
This process uses the ‘Peltier Effect’ to generate a temperature gradient between the
two ends by using a power source to drive a current of charge carriers (Fig. 1.2(b)).
Thermoelectric cooling is of significant value in cooling computer components and
keeping the temperatures within limits by removing excess heat. Thermoelectric
coolers have also gained popularity as portable refrigerators, portable picnic coolers,
or pharmaceutical refrigerators, for industrial temperature control, and as portable
low temperature storage used for laboratory and scientific equipment12.

Figure 1.2 Thermoelectric device configuration for (a) power generation
(Seebeck Effect), and (b) refrigeration (Peltier Effect).

Thermoelectric power generators offer several advantages over other
prevalent technologies such as solar or wind energy. Since they have no moving
parts, they are silent in operation and require less maintenance, which makes them
extremely reliable (typically exceeding 100,000 hours of steady state operation13).
Also, they are simple, compact, safe, and are capable of operating at elevated
3

temperatures. Above all, thermoelectric generators are environmental friendly. The
only drawback of thermoelectric power generators is their low conversion efficiency,
which is generally < 10 %. In the last four decades improvement in the efficiency has
been marginal. This has been the major reason of their limited use in very specialized
areas, where reliability and durability has a priority over cost, such as military,
medical, industrial instruments, aerospace, and, most recently, for remote power
generation applications

15-18

. However, over the past few years, small and

inexpensive thermoelectric generators have been gaining importance as a
replacement for expensive and high maintenance batteries in many systems.
Examples include energy supplies for small wireless systems for sensing, safety
surveillance, remote sensing, and metering. The low efficiency of thermoelectric
generators is not a big concern for applications that only require low power
generation, examples of which are mentioned above, however, for high power
generation applications, low efficiency becomes a drawback.
In general, the costs which can be associated with a thermoelectric power
generator are the device costs and the operating costs. In this case, the operating
costs can be considered negligible as compared to the device costs (which are mainly
attributed to module construction expenses), as the fuel (waste heat) is costless.
Therefore, reducing the device’s cost per watt should be a vital objective in
thermoelectric power generation. Furthermore, the reduction in cost per watt can be
made by optimizing the device’s geometry, developing more advanced
thermoelectric materials, and simply by operating over a larger temperature
difference12.
Electrical power generation from waste heat in applications such as in cars,
aircraft, power plants, and thermophotovoltaic cells requires materials which not
4

only possess high conversion efficiency, but should also be non-toxic and have high
chemical stability in air, at temperatures well exceeding 800 K. Among the many
thermoelectric materials, oxide materials are best suited for such applications,
providing high stability, non-volatility, and relatively simple manufacturing2.
The purpose of our study is the development of n- and p-type thermoelectric
oxides for high temperature power generation and the investigation of their electronic
and thermoelectric properties. In this work, an n-type wide band-gap semiconductor,
ZnO, has been explored as a thermoelectric material. ZnO has proved to be
promising in this field, not only due to its excellent charge transport properties21, 22,
but also owing to its cost effectiveness and non-toxic nature. The thermoelectric
properties of ZnO in bulk, its void structure, and its nanostructured forms have been
investigated. Furthermore, different elements, such as Al, Ga, In, and Bi, were
employed as dopants to improve the thermoelectric efficiency of the ZnO system.
Another part of this work includes the synthesis and investigation of
Ca3Co4O9 as a p-type thermoelectric material. Layered cobalt oxides, such as
NaxCoO2 and Ca3Co4O9 are very interesting thermoelectric systems, owing to their
hybrid structure which is considered to be effective in controlling electron and
phonon transport separately2, 23. This property is also very useful to enhance the total
conversion efficiency of this material.

1.2 Thermoelectric Phenomena
The initial discovery of thermoelectric phenomena can be traced back to the
early nineteenth century, when a Baltic German, Thomas Seebeck (1770-1831),
reported some experiments in 1821 which demonstrated the production of an
5

electrical potential difference by heating the junctions between dissimilar conductors.
This phenomenon was named the Seebeck Effect. Thirteen years later, in 1834, a
French physicist named Jean Charles Peltier published results which demonstrated a
phenomenon that was exactly the reverse of the Seebeck effect, where a current
passing through a junction between two dissimilar conductors resulted in the
absorption and generation of heat. Taking Peltier’s observations one step further,
Lenz in 1838 demonstrated an experiment where he froze water by passing a current
at an antimony-bismuth junction24. Furthermore, in the mid nineteenth century,
William Thomson, later known as Lord Kelvin, derived the relationship between the
Seebeck and the Peltier Effects through thermodynamical arguments and established
a third thermoelectric effect, the so-called Thomson effect. These three effects are
described in more detail in the subsequent sections.

1.2.1

Seebeck Effect
Seebeck, in 1821, demonstrated the flow of current by establishing a

temperature difference across the junctions between dissimilar conductors in a closed
circuit. Consider an open circuit such as the one shown in Fig. 1.3.

Figure 1.3 Seebeck Effect: power generation. Conductors A and B are two
dissimilar conductors. Joint c and Joint d are the junctions, which are kept at
two different temperatures. Eq. (1.1) represents the Seebeck Coefficient.

6

The thermoelectric power of the couple is defined as25:
(

).

(1.1)

Here, ΔV = Vb - Va is the thermoelectric voltage developed due to the
temperature difference. In the Figure, joint c and joint d are assumed to be at
temperatures T2 and T1, whereas terminals a and b share the same temperature. The
absolute thermoelectric power α, which is also considered as a unique physical
property of a particular material, can be conveniently defined as:
,
where,

(1.2)

is the temperature gradient, and E is the electric field in the material.

From Eq. (1.2) we have
or

.

(1.3)

Therefore,
ΔV= Vb - Va = (Vb – Vc) + (Vc – Vd) + (Vd - Va)
=∫

∫

∫

= ∫

∫

= (∫

∫

=∫ (

∫
)

)

(1.4)
From Eqs. (1.4) and (1.1), we have the thermoelectric power of the couple as:
.
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1.2.2

Peltier Effect
Like the Seebeck Effect, the Peltier Effect was also named after its

discoverer, the French born Jean Charles Peltier, who observed that heat was
reversibly absorbed or liberated at a junction, when electrical current was made to
pass across the junctions between two dissimilar conductors. The Peltier Effect is
different from the Joule heat due to the fact that the Joule heat does not depend on
the direction of current flow, whereas Peltier Effect does. For instance, if Peltier heat
is absorbed when current is passed from conductor A to conductor B, the same
amount of heat will be evolved in the opposite direction to the current flow. Peltier
Effect uses an electromotive source to derive the current, heating one junction and
cooling the other. In Fig. 1.4, for the rate of reversible heat generation Q due to the
passage of current I through a junction of two dissimilar conductors A and B, the
Peltier coefficient ΠAB is given by24
.
The sign of Π depends on which junction is heated and which is cooled.

Figure 1.4 Peltier Effect: Refrigeration. This is the reverse of the
Seebeck Effect. The Peltier Effect uses a potential difference to
create a temperature gradient.
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(1.5)

1.2.3

Thomson Effect
With the intention of connecting the Seebeck and the Peltier Effects, William

Thomson (Lord Kelvin) described the third thermoelectric effect known as the
Thomson Effect. The Thomson Effect describes the resulting electric current
developed in a single conductor exposed to a temperature gradient (Fig. 1.5). The
Thomson coefficient γ is stated as:
.

(1.6)

Here, I represents the current flowing along a portion of a single homogenous
conductor, over which a temperature difference ΔT is established, and which leads to
a rate of heat generation ΔQ.
Lord Kelvin connected the three thermoelectric effects and derived the
Kelvin relations by applying the laws of thermodynamics to a simple circuit
consisting of two conductors A and B with junctions at temperatures T1 and T2. The
first of the Kelvin relations is the more important, as it relates to the Seebeck and
Peltier coefficients as24
.

(1.7)

The second Kelvin relation connects the Seebeck coefficient to the Thomson
coefficient as
.

(1.8)

As Thomson coefficient is a property of a single conductor, therefore, Eq. (1.8)
allows us to define the absolute Seebeck coefficient for a single conductor as
(1.9)
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Figure 1.5 Thomson Effect over a single homogenous conductor A.

1.3 Thermoelectric Figure of Merit
The potential of a particular material as an efficient thermoelectric material is
determined mainly by its dimensionless figure of merit, ZT26. The units of Z are 1/K
(1/T), and ZT is the dimensionless figure of merit, which is more commonly used
term.
(1.10)
where, σ is the electrical conductivity, ρ is electrical resistivity, α is the
Seebeck coefficient, and κ is the thermal conductivity, which comprises of lattice (κl)
and electronic contributions (κe).
As shown in Fig. 1.2, a thermoelectric couple consists of two materials, an ntype and a p-type. Ignoring the contributions such as contact resistance and radiation
effects, which tend to lower the device’s performance, the figure of merit for the
thermocouple, based only on the thermoelectric materials is given by26
(

)
)

[(

10

(

)

]

(1.11)

The efficiency η of a thermoelectric couple is stated as the power input to the
load (W) divided by the rate of the net heat flow (QH), where QH is positive for heat
flow from the source to the sink:

[(

(

)
)

(

⁄

)

].

(1.12)

Here, TH and TC are the temperatures on the hot side and the cold side
respectively, and TM is the average temperature. It is evident from Eq. 1.12 that the
efficiency η is proportional to (1+ ZTM)1/2 and that the efficiency of the thermocouple
would approach the Carnot efficiency if ZT approached infinity.

1.4 Conflicting Thermoelectric Properties
The field of thermoelectrics requires scrupulous optimization of a variety of
conflicting properties, which are necessary to enhance the performance of the
material3. In order to increase the ZT, high electrical conductivity, low thermal
conductivity, and a high Seebeck coefficient (thermopower) are required. The fact
that all these three properties are strongly interdependent makes the enhancement of
ZT extremely difficult. Various approaches have been considered in order to achieve
maximum performance in thermoelectric materials. A few examples of such
manipulations are described in the following sections.

1.4.1

Optimization of Carrier Concentration
The basic requirement of having a large Seebeck coefficient is to have only a

single type of carriers in the material. Mixed n-type and p-type conduction will result
11

in the cancellation of the induced voltages because both types of charge carriers will
move to the cold end. For metals and degenerate semiconductors27, the Seebeck
coefficient is given by:
( )

(1.13)

where, m* is the carrier effective mass and n is the carrier concentration. The
relation between the electrical conductivity (σ) or electrical resistivity (ρ) and the
carrier concentration (n) and mobility (µ) is
⁄

.

(1.14)

Now, referring back to Eq. 1.13, low carrier concentration insulators and
semiconductors have large Seebeck coefficients. Unfortunately, low carrier
concentration also leads to low electrical conductivity (see Eq. 1.14). Fig. 1.6
illustrates the optimization of thermopower and carrier concentration in order to
achieve maximum ZT, where κ is the material’s thermal conductivity. This peak
lying between 1019 and 1021 carriers per cm3 (depending on the material system)
indicates that heavily doped semiconductors are best suited for this purpose.

1.4.2

Optimization of Effective Mass
The density of states of the effective mass m*, which occurs in Eq. 1.13,

increases with flat, narrow bands having high density of states near the Fermi
surface. Now, heavy carriers tend to move at a slower pace and thus with lower
mobility, resulting in a lower electrical conductivity (Eq. 1.14). Furthermore, a
complex relationship exists between the mobility and the effective mass of the
material, which depends on the anisotropy, electronic structure, and/or scattering
mechanisms28. An optimized effective mass for the dominant charge carriers should
12

be found to maintain a balance between high effective mass and high mobility. Good
thermoelectric materials can be found within a wide range of effective masses and
mobilities: from the semiconductors29,

30

(SiGe, GaAs), having low effective mass

and high mobility, to oxides2 (NaCo2O4, Ca3Co4O9) and chalcogenides31 (PbTe)
having low mobilities and high effective mass.

1.4.3

Optimization of Thermal Conductivity
Another basic requirement for a good TE material is low thermal

conductivity. The two sources of thermal conductivity in TE materials are (1)
phonons travelling through the lattice (κl), and (2) heat transported via electrons and
holes (κe). According to the Wiedemann – Franz law:
,

(1.15)

and
,

(1.16)

where, L is the Lorenz factor, 2.4 × 10-8 J2K-2C-2 for free electrons, but it can
vary, especially with carrier concentration. As can be seen from Eq. 1.16, the
electronic term of the thermal conductivity is directly related to the electrical
conductivity σ. Thus, high ZT requires high electrical conductivity, but low thermal
conductivity. Therefore, the Wiedemann-Franz law reveals a conflict within a
material in terms of achieving high thermoelectric efficiency. For materials with very
low κl and very high electrical conductivity and, hence, high κe, resulting in (κl/ κe)
<< 1, ZT can primarily be determined by the Seebeck coefficient alone3:
⁄

13

.

(1.17)

Glasses are an example of materials with very low lattice thermal
conductivity, however, they make poor thermoelectric materials because they lack
the

needed

‘electron-crystal’

properties.

As

compared

with

crystalline

semiconductors, glasses have lower mobility due to the high electron scattering and
lower effective masses because of broader electronic bands. For achieving a good
thermoelectric material, it is important to manage maximum phonon scattering
without interrupting the electrical conductivity, which in itself is a challenge. Heat is
carried by a wide spectrum of phonons with wavelengths and mean free paths
varying from less than 1 nm to greater than 10 µm32, generating a need for phonon
scattering centres over a wide range of length scales. In other words, thermoelectrics
require a rather unusual material −the ‘phonon-glass electron-crystal’2,

33

i.e., a

material capable of having the electrical conductivity of a crystalline material and the
thermal conductivity of an amorphous or a glass like material.
Research targeted towards the development of new thermoelectric materials
mainly focuses on the reduction of the lattice part of the thermal conductivity to its
minimum. This is attained by creating phonon scattering centres at various frequency
ranges, using a variety of methods. For instance, mass fluctuation scattering34,
“rattling” scattering35, grain boundary scattering36, and interface scattering in
multilayer systems and thin films are readily used for this purpose. The lattice
thermal conductivity κl is expressed as:
( )(

)

where, C is the heat capacity of the material,
phonons and

(1.18)
is the mean free path of the

is the sound velocity. Now, heat capacity and sound velocity are

generally treated as temperature independent for temperatures higher than ~ 300 K.
Therefore, the only temperature dependent part in the determining the magnitude of
14

κl is the mean free path of the phonons. Based on this concept, the minimum thermal
conductivity (κmin) has been defined as the thermal conductivity when the mean free
path is limited by the interatomic distance between the atoms within the crystal 37.
Quantitative va lues of κmin have been determined to be around 0.25-0.5 Wm-1K-1 in
the literature33, 37, 38.

(a)

(b)

Figure 1.6 Optimizing ZT via tuning the carrier concentration: (a) ZT of a
thermoelectric material can be enhanced through a compromise between κ
(plotted from 0 to a maximum value of 10 Wm-1K-1), and α (0 to 500
µVK-1) with σ (0 to 5000 Ω-1cm-1). The power factor α2σ shows a peak at
higher carrier concentration than ZT. (b) An optimized value of ZT = 0.8
can be achieved for a model system, Bi2Te3 with a κl of 0.8 Wm-1K-1 (1).
Further reduction of κl to 0.2 Wm-1K-1 increases ZT to above unity (2).
Furthermore, reduction in carrier concentration takes place with lowering
of the thermal conductivity, which then decreases κe and increases the
Seebeck coefficient, leading to an even larger ZT (3) [Fig. Ref.3].
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1.5 Thermoelectrics in Modern Power Generation
Although thermoelectric effects were introduced to the world in the early
nineteenth century, nevertheless, their real application in engineering was limited
until the mid-twentieth century, when the space exploration era began. The main
research direction at the time was the investigation of highly efficient thermoelectric
materials for isotope based thermoelectric power generation10. There have been some
moderate advances in enhancing the thermoelectric efficiency of the materials since
then. However, there is still a long way to go until we achieve highly efficient
thermoelectric systems for our modern age applications.

1.5.1

History of Thermoelectric Applications
All the early thermoelectric generators (TEGs) were made up of metal based

thermoelectric materials. They had very low conversion efficiency, and thus they
were extremely large and bulky. Markus, in 1864, was responsible for the first
thermoelectric generator39. Soon after, another TEG was introduced having copper
sulphide and silver as the thermoelectric legs40. In 1879, a TEG based on zincantimony and iron was built for the first time, and its purpose was to power an
electrolysis process for metal coating39. With not much success, several attempts
followed, when finally in the year 1925, in the UK, the first commercial TEG was
developed for powering radio devices. The device used a gas burner to heat the hot
junction and ambient air for the cold junction1.
However, it was not until the twentieth century that the TEGs based on
semiconducting legs started to be actively explored. A tremendous number of studies
on the electrical, structural, and thermal properties of semiconductors was carried out
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during this period, mainly in the USSR41. In the year 1936, a semiconductor having
both n-type and p-type properties depending on the sulphur content relative to the
stoichiometric composition for thallium sulphide was discovered1. Soon after, an
experimental series of TEGs were developed for the Intelligence Services in Moscow
(USSR), mainly for powering radio stations for bilateral telecommunication within a
distance of 1000 km42. The first popular TEG, developed in 1954, utilized a p-type
ZnSb thermoelectric material in a ring shaped structure, and was known for its light
weight and suitability for not only powering radio devices, but also operation in rural
areas throughout the world42.
In the 1950s, BiTe systems emerged as efficient thermoelectric materials43, 44.
In 1956, Ioffe and his co-workers at the Physical Technical Institute (PTI) in the
USSR concluded that ZT could be increased by forming solid solutions of
isomorphic thermoelectrics, where κ is significantly lowered without any practical
change in σ and α45.

1.5.2

Thermoelectric waste heat recovery in automotive application
As the main objective of TEGs in the automotive industry is to reduce fuel

consumption, therefore, the economic impact of applying TEGs in the modern
transport sector is very promising for not only reducing fuel prices, but also to meet
the increasing electrical power demands in modern vehicles. 40 to 60 % of the
internal combustion engine’s energy is lost as a waste heat into the environment, and
this huge loss is targeted as a potential heat source for waste heat recovery through
TEGs, which generally use the exhaust gas as a heat source and the coolant as the
heat sink46. Although the first automotive TEG was developed in 1963, the most
notable prototypes were invented after years of work by Porsche47, Hi-Z48, Nissan
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Motors49, and a collaboration between Clarkson university and GM50, with power
generation ranging from 30 W to 1000 W under different testing conditions.
Currently, major automobile manufacturers such as BMW and Mercedes are
developing prototype vehicles with integrated TEGs, which help to recover energy
developed during the process of braking51, 52.

1.5.3

Thermoelectric power generation for space applications
In the 1950s, the American Department of Energy invested a significant

amount of funds in the development of efficient thermoelectric materials for use in
space exploration missions1. The National Aeronautics and Space Administration
(NASA) used radioisotope thermoelectric generators (RTGs), usually made using
telluride thermoelectric materials, in 29 of their missions since 1961, owing to their
advantages over other types of conventional energy conversion systems53. The key
benefits of RTGs include their long life, compact size, robustness, and reliability.
Also, they are relatively unaffected by radiation and other harmful environmental
effects. The heating source in an RTG comes from the decay of the radioisotope
core, producing heat, and the power generated by the RTGs launched by NASA
varied from three to a few hundreds watts53.

1.5.4

Thermoelectric waste heat recovery from industrial applications
The waste heat available in a typical plant is of the order of 60 million British

Thermal Units per hour (BTU/h) or 18 MW. By making efficient use of this energy
through a thermoelectric generator, the prospects of producing electrical power
below the cost of power supplied by the grid are very promising. Japan’s government
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has been funding several projects based on thermoelectric development for industrial
waste heat recovery since the early 1990s54. The development of a 500 kW
thermoelectric system for waste heat recovery in a pressurized water reactor power
plant is one of the most successful examples55. Another example of TEG use in
industry is in the oil and gas sector (developed by Hi-Z Inc). TEG devices recover
waste heat from triethylene glycol dehydrators56. This system produces about 60 W
of electrical power for cathodic protection and has the potential of producing 100 W
with a higher temperature difference between the hot and cold sides.
Even though thermoelectric generators are gaining popularity in major heat
recovery applications, owing to their low conversion efficiency, they still dissipate a
large amount of unconverted heat from the cold side. To overcome this problem,
recently, the concept of “symbiotic” power generation has been proposed12. The
operating principle is as follows: when heat flows through the system, a part of it is
converted into electric power while the rest is collected and is used for preheating,
rather than letting it be discharged into the environment. In other words, a
thermoelectric generator becomes a dual function device. This device, if
implemented, has the potential for wide- scale applications57 where both electricity
and heat are required. For example, such devices can be used for both domestic
central heating and electrical power generation, simultaneously. Table 1.1 presents
the range of operating temperatures for TEGs in industrial waste heat recovery.
Commercially available thermoelectric modules these days can operate only in a
limited temperature window, generally between 150 °C to 400 °C, covering only a
fraction of potential applications. There is an excessive need for new thermoelectric
materials which can be used for high temperature industry applications.
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Table 1.1 Range of operating temperatures for thermoelectric applications in waste heat
recovery [Fig Ref 1].

1.6 Thermoelectric Materials
As has been mentioned previously, the efficiency of any thermoelectric
generator is essentially governed by the figure of merit, ZT, of its constituent
thermoelectric materials. The major focus of research in this area is to develop
thermoelectric materials having high ZT and which can operate in a broader
temperature regime (especially T > 500 K). In this section, an in-depth review is
presented of the thermoelectric materials which have been divided into two groups:
non-oxide and oxide materials. Fig. 1.7 gives a general illustration of the various
thermoelectric materials along with temperature ranges in which they can be used.
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Silicides

Figure 1.7 Common thermoelectric materials divided into two classes, harmful
materials containing toxic substances and environmental friendly materials. The
schematic also illustrates the temperature range in which the materials are
operational.

1.7 Non-Oxide Materials
So far, Bi2Te3 and Sb2Te3 alloys have been occupying the centre stage, being
the most widely used thermoelectric materials. Bi2Te3 was discovered to be a high
efficiency thermoelectric material in the 1950s, and since then, Bi2Te3 and its alloys
have been used for near-room-temperature applications involving refrigeration and
waste heat recovery up to 200 °C43, 44, 58. This system has demonstrated some of the
greatest figure of merit values on record as both n- and p-type material. Soon after
the first investigation of Bi2Te3, it was realized that alloying with Sb2Te3 and Bi2Se3
further helped in the improvement of ZT by tuning the carrier concentration while
reducing the thermal conductivity3. Extensive studies of single crystal and
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polycrystalline materials helped to elucidate the electronic transport properties and
detailed defect chemistry of these alloys59. The most extensively studied n-type
compositions are close to Bi2(Te0.8Se0.2)3, and the p-type compositions are near
(Sb0.8Bi0.2)2Te33. For these materials, ZT typically lies between 0.8 and 1.1, with ptype materials achieving the highest values. Moreover, ZT can be optimized to peak
at different temperatures by adjusting carrier concentration.
Typical materials used for operation within the mid-temperature range,
essentially between 500 - 900 K, are based on group-IV tellurides, such as PbTe,
GeTe, or SnTe44, 60, 61, and peak ZT in optimized n-type material reaches about 0.8.
Although several reports have been published reporting ZT > 1 for alloys with
AgSbTe262, both n-type and p-type, only the p-type alloy (GeTe)0.85(AgSbTe2)0.15
(also known as TAGS), which has a maximum ZT greater than 1.269, has been
brought into application in long-life thermoelectric generators63.

(a)

(b)

Figure 1.8 Figure of merit ZT shown as a function of temperature for all the major
non- oxide, commercial thermoelectric materials [Fig. Ref.3].

For high temperature operation (> 900 K), silicon–germanium alloys64 have
been typically employed as both n- and p-type legs. However, the ZT of these
materials is fairly low compared to the materials mentioned above, particularly in the
case of the p-type material, owing to the relatively high lattice thermal conductivity
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of their diamond structure. All the above-mentioned traditional materials have been
vigorously investigated, and further improvement in their bulk thermoelectric
properties is hard to foresee. Recently, however, their nanostructured counterparts
showed some promising new features and improvement in properties, which sparked
further interest and new research directions for these materials.

1.7.1

Nanostructuring: An Efficient Approach
Nanostructuring has led to some rapid and exciting breakthroughs in the field

of thermoelectrics over the past 10-15 years6. The major effects brought about by
nanostructuring in thermoelectric materials have been on the thermal properties.
Nanostructuring has been able to resolve the difficulty of decoupling the
interdependent properties (α, σ, κ) of thermoelectric materials and, hence, resulted in
the enhancement of ZT. Fig. 1.9 represents the major achievements for enhancement
of ZT as a function of both year and temperature. A point to note here is that the
materials systems which have achieved ZT > 1 have been based on some form of
nanostructuring.
In 1993, the enhanced performance (ZT > 1) in thermoelectric materials with
low-dimensional structures was pioneered by Hicks and Dresselhaus65, 66. According
to their work, independent variation in α2σ was possible in low dimensional
structures due to the quantum confinement of electrons and holes, resulting in a
dramatic increase of ZT. These findings acted as a motivation for producing and
developing superlattice structures of numerous thermoelectric materials, such as
PbTe/PbSexTe1-x67, GaAs/AlxGa1-xAs68, Bi2Te3/Sb2Te369, Si/Si1-x-yGexCy70, 71, InxGa1xAs/AlyInzGa1-y-zAs

72

, and layered WSe2 crystals73. Superlattice periods of less than 3
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nm were estimated to bring significant enhancement to ZT. The detrimental
influence of superlattices on thermal conductivity has been attributed to various
effects such as scattering of phonons at defects74, acoustic mismatch causing
diffusion or specular scattering of phonons at the interfaces75, modification of the
phonon spectrum, and phonon localization76-78.
From the 2D nanostructuring of quantum wells and superlattices, the next
step was towards 1D nanostructuring i.e. formation of nanowires79, 80. A number of
quantum wire systems have been investigated for thermoelectric properties, and
detailed studies of their electrical and thermal transport in various III-V and II-VI
compounds have led to the conclusion that a high power factor is achievable in some
material systems with small electron effective masses, for example, InSb for
practically achievable diameters (> 5 nm)81. Recently, Boukai et al.82 and Hochbaum
et al.83 reported an enormous ZT enhancement through reduction in thermal
conductivity in rough Si nanowire, with room temperature ZT ~0.6. This is a huge
ZT enhancement compared to the value of 0.01 for bulk Si. A large enhancement of
ZT at ~150 K due to the phonon drag effects (heat current effecting phonon
transport) was also reported by Boukai et al.
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Figure 1.9 Thermoelectric figure of merit ZT as a function of temperature and year
demonstrating significant achievements. Nanostructuring has allowed ZT > 1 in many
systems [Fig Ref.6 ].

0D nanostructuring i.e. nanodots, has emerged as one of the most popular
methods of producing nanostructured materials. The most common methods of
generating nanodots/nanoinclusions in a solid matrix are through phase separation of
an alloy during bulk crystal growth or through Stanski-Krastanov or Volmer-Weber
mechanisms during epitaxial growth6. For thermoelectric applications, nanodot
systems which have been investigated so far include ErAs:InGaAs84, PbTe:Sb85,
Si/Ge86, Pb(Sn)Te-PbS87, AgPbmSbTe2+m (LAST-m: lead antimony silver telluride)62,
NaPbmSbTe2+m (SALT-m)88, and PbTe/PbSe nanodot superlattices (NDSLs)89. Major
reductions in thermal conductivity values in these systems have been reported due to
the presence of nanodots. For example, 3 Wm-1K-1 for ErAs:In0.53Ga0.47As84, a factor
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of 2 lower than for In0.53Ga0.47As alloy; 0.4 Wm-1K-1 for Pb0.95(Sn0.05)Te0.92-PbS0.0887;
0.33 Wm-1K-1 for PbTe/PbSe NDSLs89 compared to 2-2.5 Wm-1K-1 for PbTe, etc.
This kind of nanostructuring (nanoscale inclusions) can be described as endotaxial
embedding of regions of one phase/composition inside a matrix of another
composition/phase6. As an example, a TEM image showing PbSe nanodots in a PbTe
matrix and ErAs nano-inclusions in InGaAs matrix is shown in Fig. 1.10. In both of
these systems, the presence of nanodots/nano-inclusions only slightly decreases
carrier mobility as compared to the pure matrix materials. This is due to coherent
matrix/nanodot interfaces coupled with small (relative to the thermal energy kBT)
band offsets.
Detailed calculations on phonon transport were undertaken on the
ErAs:InGaAs system to understand why nanodots/nano-inclusions are so efficient for
reducing thermal conductivity below the alloy limit. The results of this study are
considered to be fairly general and can be applicable to other nanodot containing
systems84, 90. Now in alloys, atomic scale defects cause phonon scattering due to the
mass differences or generation of strain fields, and the scattering cross-section obeys
Rayleigh scattering as d6/λ4, where d is the nanodot diameter and λ is the phonon
wavelength6. Hence, whereas in alloys, short wavelength phonons are effectively
scattered, the middle to long wavelength phonons can propagate without significant
interruption. On the other hand, through introducing nano-inclusions in the system,
additional scattering of middle to long wavelength phonons can be achieved, thereby,
reducing the heat conduction. Calculations reveal that to effectively scatter a wide
range of phonon modes, a broad size distribution of nanoparticles should be
introduced into the system6. Fig. 1.11 is an illustrative schematic diagram of the
various phonon scattering mechanisms within a thermoelectric material.
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Figure 1.10 Nanocrystals embedded in PbTe and InGaAs based materials. Crosssectional TEM images of (a) PbTe/PbSe NDSLs, and (b) 0.3% ErAs:InGaAs [Fig.
Ref.6].

Although a high degree of advancement has been achieved in the above
mentioned non-oxide materials, they still have their disadvantages of not being able
to be used at high temperatures. Materials systems including Bi2Te3 and PbTe have
figure of merit values exceeding 1, which is sufficient for practical applications, but
these materials cannot be used for high temperature applications because their
constituents can easily decompose, vaporize, or melt at high temperatures.
Furthermore, they are toxic in nature and low in abundance as natural resources.
Materials such as SiGe are suitable for high temperature operations, but are not cost
effective and, hence, not suitable for large-scale applications. Such disadvantages of
conventional materials have triggered research on oxide thermoelectric materials
which are believed to have the potential to overcome all the aforementioned
drawbacks in semiconductor based alloys systems.
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Figure 1.11 Illustrative schematic diagram of the various phonon scattering

mechanisms within a thermoelectric material along with the electronic

transport of hot and cold electrons [Fig. Ref.6].

1.8 Oxide Materials
Oxide materials have proved to be very promising for high temperature
thermoelectric applications due to their important characteristics, such as their benign
nature, abundant supply, cost effectiveness, oxidation resistance, and stability at high
temperatures in air2. However, oxides have received much less attention for
thermoelectric applications, mainly due to their strong ionic character, with narrow
conduction band widths, resulting in localized electrons with low carrier mobilities26.
This situation changed drastically after the discovery of the strongly correlated
layered oxide NaCo2O4, having ZT of 0.7-0.8 at 1000 K91. The fact of large
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thermopower coexisting with low electrical resistivity in NaxCoO2 and Ca3Co4O9
opened the path to the exploration of oxide thermoelectric materials2,

92

. These

systems have been developed as p-type materials. Furthermore, modulated layered
cobalt oxides such as (Bi, Pb)-Sr-Co-O and (CaO)1.14CoO2 have been found
promising as p-type materials93,

94

. On the other hand, the n-type oxide materials

which have been proposed so far, such as In2O3:Ge95, Zn5In2O896, and ZnO:Al4 still
remain to be further improved as they show a rather low figure of merit (ZT << 1).
However, promising high TE performance has been observed in strontium titanate
(SrTiO3) and its derivative layered compounds, (SrO)(SrTiO3)m97. Recently, Nidoped ZnO has also been reported to show a very high power factor, about 29 times
higher than that of NiO-free ZnO98, but not enough to significantly enhance ZT.

1.8.1

Concept of Nanoblock Integration
Koumoto et al. introduced the concept of nanoblock integration into a

layered-structured hybrid crystal and applied it to some of the oxide materials such as
NaxCoO2, the Ca-Co-O system, and derivatives to explain the improvement of
thermoelectric performance in these systems2. Achieving a high figure of merit (ZT)
requires the ability to control both electron and phonon transport individually to
attain high electrical conductivity, low thermal conductivity, and high thermopower,
all simultaneously. Although it is usually difficult to control both transport
behaviours in a single uniform crystalline field, it can easily be done in a complex
crystalline field such as in the case of layered Co oxides2.
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Figure 1.12 Concept of Nanoblock integration applied to the functional oxides
[Fig. Ref.2]

Koumoto et al. defined crystals, as being made up of coordination polyhedra
as structural units, and they are connected with each other to form nanoblocks/
nanosheets as physical property units. Therefore, if two or more kinds of nanoblock
units having different compositions and symmetries are brought together into
superlattices or hybrid crystals, each block can independently participate in a specific
function and, hence, electron and phonon transport can be controlled individually
(Fig. 1.12). These characteristics result in high thermoelectric performance of the
material.
The crystal structure of the three most investigated thermoelectric oxides of
the Co family are shown schematically in Fig. 1.13. The crystal structure of NaxCoO2
consists of CdI2- type layers and the Na layers stacked alternatively along the c-axis.
Na stoichiometry x can be varied between 0.3 and 1 which varies the crystal
structure, indexed as α, α', β, and γ phases99, 100. Out of all the phases, the γ phase (x=
0.55-0.7) of this material exhibits good thermoelectric properties. Another kind of Co
oxide is the Ca-based system known as Ca3Co4O9, whose structure has been
observed to be a misfit- layer structure 101 (discussed in detail in a later section). The
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third crystal structure is of Bi based Co oxide Bi2Sr2Co2Oy, which is also an example
of a misfit structure consisting of CoO2 layers and Bi2Sr2O4 layers102. This material is
reported to have a very complicated structure due to the observed superimposition of
modulated structure in the Bi2O2 plane.

Figure 1.13 Crystal structures of Co- based thermoelectric oxides: NaxCoO2, Cabased Co oxide known as Ca3Co4O9 and Bi-based Co oxide Bi2Sr2Co2Oy.

Fig. 1.14 shows the in-plane thermoelectric properties of the above
mentioned Co based structures2. NaxCoO2 is the most conducting of the three, with a
low ρ300K of 200 μΩ cm, and shows metallic behaviour all the way down to 1.5 K91.
The conductivity of this material is comparable to those of Cu oxides, making Co
oxides one of the most conducting types of layered oxides. An upturn in conductivity
at low temperatures can be observed in the other two Co oxides. This feature is due
to a pseudogap opening gradually in the density of states at low temperatures103. The
largest α300K (100 - 150 μVK-1) can be seen for Ca3Co4O9, which is comparable to
the conventional thermoelectric materials. The thermal conductivity, κ, shows a clear
dependence on the number of block layers, with as low as 2 Wm-1K-1 for
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Bi2Sr2Co2Oy. Because, in the layered Co oxides, the lattice thermal conductivity is
mainly governed by the cations in the block layers and not by light oxygen anions,
the thermal conductivity of these materials is lower than expected.

Figure 1.14 Temperature dependence of the in- plane
thermoelectric properties of the three cobalt oxides shown
in Fig 1.13 [Fig Ref2].

As we can see, the layered structure works very well, as it allows the
independent control of both electron and phonon transport. This is because in these
systems, the electric current and thermal current flow along different paths in space
and, hence, they can be modulated individually19. This is a good demonstration of the
so-called “phonon-glass/electron-crystal” behaviour33.
32

1.8.2

Ca3Co4O9: p-type thermoelectric material
The Ca-Co-O system has been the most extensively studied for TE

applications. The Ca-Co-O system exhibits a complex phase diagram, because of
which, it is known as a ‘misfit’ layered cobalt oxide97. The structural analysis of this
oxide has been performed using X-ray diffraction by Lambert et al.104 and Miyazaki
et al.9, independently. Masset et al.7 described the structure as [Ca103+Co164+O52]
[Ca322+Co162+O43], but Miyazaki et al.9 reported it as [Ca2CoO3.34]0.6196[CoO2], where
0.6196 is the b axis ratio b1/b2 (bCoO2/bRS). Both groups identified the crystal as made
up of CdI2- type CoO2 triangular lattice (subsystem 1) and a three- layered rock-salt
(RS)- type Ca-Co-O block (subsystem 2) (Fig. 1.15). Detailed crystal structure
studies were carried out by means of single crystal X-ray diffraction, assuming a 3+1
dimension space group analysis technique104. The lattice parameters were determined
to be a = 4.8192 Å, c = 12.7607 Å, b1 = 2.8084 Å, b2 = 4.4898 Å and β = 93.929°.
Another misfit layered cobalt oxide [Ca2(Co0.67Cu0.33)2O4][CoO2] was reported to
have a similar structure105.
A number of claims have been reported to explain the high TE properties in
this Co-based oxide, such as increased effective mass (m*) of the carriers due to the
strong correlated system106, degradation of d orbitals in the low spin Co3+ and Co4+ ,27
electronic structure107 and the effect of in-plane stress108 on TE properties. Moreover,
samples of Ca3Co4O9 have been synthesized in various forms including Ca3Co4O9
epitaxial films, single crystals, and ceramics. Fig. 1,16 summarizes the figure of
merit (ZT) for Ca3Co4O9 fabricated by various groups. In addition, the electrical
resistivity of the Ca-Co-O system is found to exhibit significant anisotropy due to its
crystal structure, with the value along its c-axis 10 times larger than that along its abplane7. To make use of this property, textured Co-349 ceramics have been prepared
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by some groups by uniaxial pressing of platelike grains109 or by magnetic alignment
techniques110. The reactive- template grain growth (RTGG) technique using βCo(OH)2 templates has also been used for the fabrication of Co-349111,

112

. The

importance of this system for TE applications can be judged from the fact that a large
amount of work has been done to improve its properties, which includes various
kinds of substitutions in both Ca and Co sites.

Figure 1.15 The fundamental structure of [Ca2CoO3.34]0.6196[CoO2] projected
from the b-axis (left) and parallel to a-axis (right) [Fig Ref 5].

Y. Miyazaki et al.113 reported the effects of 3d- transition metal substitution
on the TE properties of [Ca2CoO3]pCoO2. Of all the substitutions done by this group,
[Ca2(Co1-xCux)O3] CoO2 shows the highest power factor of 2.8 × 10-4 Wm-1K-2 at
300 K. Rare earth (RE) element substitution in this system was reported by Pravel et
al.114 They synthesized Ca2.5(RE)0.5Co4O9 samples by sinter forging and were able to
produce a power factor of 0.8 × 10-4 Wm-1K-2 at 300 K for RE = Yb. Thermal
conductivity measurements have not been reported by these groups. Ag and Bi/Na
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substitution on Ca sites has also been performed10, 115. Among all the dopings and
substitutions performed, Bi doping has proved to be one of the most effective ones.
However, despite all the substitutions and dopings, ZT at high temperature has not
yet been observed to exceed unity. Koumoto et al.2 have been successful, however,
in fabricating a TE module consisting of oxide legs, with d Ca2.7Bi0.3Co4O9 as the ptype leg, and the conversion efficiency of their module is far beyond those of
conventional TE modules.
In our work, pulsed laser deposition (PLD) grown thin films of pure and Bi
doped Ca3Co4O9 system were analysed for thermoelectric performance. The
motivation for this study came from the fact that Bi doping has been the most
successful in the bulk Ca3Co4O9 system, therefore it was interesting to study the
effects of Bi doping on the Ca3Co4O9 thin film system as well. As PLD is one of the
best thin film growth techniques, high quality thin films of Bi: Ca3Co4O9 system
were grown and investigated.
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Figure 1.16 Thermoelectric properties of p- type Ca3Co4O9: 1, single crystal

(Masset et al.7); 2, single crystal (Shinkano and Funahashi8); 3, ceramic
(Miyazaki et al.9); 4, ceramic (Xu et al.10); 5, ceramic (Itahara11); 6, film
(Hu et al.14.); 7, single crystal (Satake et al.19); 8, ceramic ( Li et al.20)][Fig
Ref23].
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1.8.3

ZnO: n-type thermoelectric material

Figure 1. 17 Representation of hexagonal Wurtzite crystal structure of ZnO.

Zinc oxide is well known as a conductive oxide with a wide forbidden band
gap of 3.2 to 3.35 eV22. The oxide naturally occurs as a mineral (zincite) with
hexagonal wurtzite type crystal structure, where each anion is surrounded by four
cations at the corners of a tetrahedron, and vice versa (Fig. 1.17). This tetrahedral
coordination is typical of sp3 covalent bonding, and hence, ZnO has a more
covalent character compared to other metal oxides because of the small difference in
electronegativity between Zn and O. Accordingly, effective mass (m*) of the
conduction electrons in ZnO is 0.38m0 is comparable to those of Ge (0.55m0), PbTe
(0.21m0) and Bi2Te3 (0.58m0)97. Low effective mass means high mobility, which, in
turn, means good electrical conductivity - an important requirement for a good
thermoelectric material. Also up to 2 × 1021 cm−3, charge carriers can be introduced
by heavy “substitutional” doping into ZnO, and by controlling doping levels,
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electrical properties can be varied from insulator through n-type semiconductor to
metal while maintaining the optical transparency that makes it useful for many
applications, including solar cells and transparent conductors.
Non-toxic and low-cost oxides such as ZnO are promising candidates for high
temperature thermoelectric applications due to their excellent charge carrier transport
properties, which can be tuned via doping4, 116, 117. Tsubota et al. 4 reported Al doped
ZnO as a promising oxide material for high temperature thermoelectric conversion
(Fig. 1.18). Al doped samples were reported to have exceedingly large power factors,
α2σ, i.e. 8-15 × 10-4 Wm-1K-2 over a wide temperature range up to 1000 °C. These
values are the largest ever reported for oxide systems and surpass the values for βFeSi2 and β-SiC118, which have been proposed as non-oxide high temperature
candidates. However, the major challenge in this system is to decrease thermal
conductivity. The challenge arises from the high lattice thermal conductivity L of
these materials, owing to the low atomic masses of the atoms and the non-complex
Wurtzite structure. For example, bulk (non-nanostructured) Al-doped ZnO4 is one of
the best n-type thermoelectric oxides, with ZT ≈ 0.17 at 1000 K (reaching a peak of
0.3 at 1273 K), but κ = 40 W/mK at 300 K and κ = 5 W/mK at 1273 K (See Fig.
1.18), are many times higher than κ ≈ 1 to 3 W/mK seen in chalcogenide-based26
conventional thermoelectric materials.
Nanostructuring has been shown to be very effective in conventional
materials/ non-oxide materials for decreasing κL, as reviewed in Section 1.7.1. Since
the electronic component of the thermal conductivity κe in rgw ZnO system has been
proved to be 10- to 100-fold lower than the lattice contribution (κL), smaller κL
directly translates to a lower κ, which should promote ZT enhancement. This idea
has motivated us to produce and investigate nanostructured ZnO for thermoelectric
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properties. As will be discussed in the results and discussion chapters of this thesis,
we were successful in diminishing thermal conductivity to 20-fold lower κ300K values
(as low as ~1.5 Wm-1K-1). As a consequence a 50% increase in ZT compared to the
best reported non-nanostructured counterpart could be visualized, thereby paving the
way for further ZT enhancements through a combination of doping and
nanostructuring. Also, in our work, along with the employing different doping
elements such as Al, In, Ga, and Bi, variations were made to the synthesis methods
as well. For example, we synthesized our ZnO samples using conventional solid state
synthesis, ball milling, and chemical microwave synthesis, to analyse the changes in
the properties due to synthesis conditions.

Figure 1. 18 Temperature dependent thermoelectric properties: (a) Arrhenius plot of
electrical conductivity, (b) Seebeck coefficient, (c) Thermal conductivity, and (d)
Figure of merit of (Zn1-xAlx)O for x= 0 (○), 0.005 (■), 0.01 (□), 0.02 (●), 0.05 (∆) [Fig
Ref.4].
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CHAPTER 2
2 Experimental Methods

2.1 Materials Fabrication
2.1.1

Solid State Reaction
Solid state reaction is a chemical reaction system in the absence of a solvent.

In a typical solid state reaction process, the reactants are first mixed in a mortar.
Depending on the materials and synthesis requirements, the initial powder mixture
can undergo a first heat treatment, which is normally called calcination. The raw or
calcined powders are then pressed into pellets at high pressure. Finally, the pellets
are sintered in a furnace. Once again, depending on the synthesis parameters, the asprepared pellets can be crushed in a mortar, reground, and pressed into pellets for
subsequent sintering. Most of our bulk samples were sintered in an open filament
box furnace, which provides excellent temperature control and very fast
heating/cooling rates.

2.1.2

Ball milling
In our work, a planetary ball mill, known as a Pulverisette 7, was used for

synthesizing ball-milled samples. The planetary ball mill owes its name to the planetlike movement of its vials. These are arranged on a rotating support disk, and a
special drive mechanism causes them to rotate around their own axes. The
centrifugal force produced by the vials rotating around their own axes and that
produced by the rotating support disk both act on the vial contents, consisting of
material to be ground and the grinding balls. Since the vials and the supporting disk
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rotate in opposite directions, the centrifugal forces alternately act in like and opposite
directions. This causes the grinding balls to run down the inside wall of the vial (the
friction effect), followed by the material being ground and the grinding balls lifting
off and travelling freely through the inner chamber of the vial, colliding against the
opposing inside wall (the impact effect)2 (Fig. 2.1)
During high-energy milling, the powder particles are repeatedly flattened,
cold welded, fractured, and re-welded. Whenever two balls collide, some amount of
powder is trapped in between them. Typically, around 1000 particles with an
aggregate weight of about 0.2 mg are trapped during each collision. The force of the
impact plastically deforms the powder particles leading to work hardening and
fracture. With continued deformation, the particles get work hardened and fractured
by a fatigue failure mechanism and/or by the fragmentation of fragile flakes.
Fragments generated by this mechanism may continue to be reduced in size in the
absence of strong agglomerating forces.

Figure 2.1 Schematic diagram depicting the ball motion inside the
planetary ball mill.
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2.1.3

Microwave Synthesis
Microwave synthesis involves the use of microwave irradiation to trigger

chemical reactions which require heat. The important characteristic of a microwave
assisted technique is that heating takes place directly inside the sample due to the
volumetric nature of the power dissipation in a material. Based on our knowledge
about the impact of microwave irradiation on metal oxide synthesis, (i) the fast
heating increases the net rate early in the process; (ii) the suppressed heating of the
reaction vessel minimizes the problem of inhomogeneities caused by thermal
gradients, resulting in a more uniform reaction, while generating a rapid and intense
heating; and (iii) the surface of oxides is covered by microwave-absorbing hydroxyl
groups, thus changing the surface temperature and producing local overheating3.
Microwave heating has been shown to dramatically reduce reaction times, increase
product yields, and enhance product purities by reducing unwanted side reactions
compared to conventional heating methods. The microwave system used for this
work is a 2.45 GHz Discover, CEM, USA.
2.1.4

Pulsed Laser Deposition (PLD)
In principle, PLD is a technique of thin film growth which uses high power

laser pulses to melt, evaporate, and ionize material from the surface of a target, as
shown in Fig. 2.2. This "ablation" event produces a transient, highly luminous
plasma plume, comprising the vaporized material containing neutral atoms, ions,
electrons, etc., and it expands rapidly away from the target surface. The ablated
material is collected on an appropriately placed substrate, upon which it condenses
and the thin film grows4. The system used for this work involves a pulsed solid state
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Nd: YAG (Lab- 170) laser delivering a main wavelength of 1064 nm and a repetition
rate of 10 Hz.

Figure 2.2 Pulsed laser deposition system.

PLD technique has significant advantages over other thin film techniques,
such as: (1) the capability for stoichiometric transfer of material from the target to
the substrate; (2) The relatively high deposition rates, typically ~100 s Å/min, that
can be achieved along with effective control of film thickness; (3) the fact that a laser
is used as an external energy source, which results in an extremely clean process
without filaments, facilitating deposition in both inert and reactive background gases,
(4) the use of a carousel, housing a number of target materials, which enables
multilayer films to be deposited without the need to break vacuum when changing
between materials.
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2.2 Sample Characterization Techniques
2.2.1

X-ray diffraction (XRD)
X-rays are electromagnetic radiation with typical photon energies in the range

of 100 eV - 100 keV. For diffraction applications, only short wavelength x-rays (hard
x-rays) in the range of a few angstroms down to 0.1 angstrom (1 keV - 120 keV) are
used. Because the wavelength of x-rays is comparable to the size of atoms, they are
ideally suited for probing the structural arrangement of atoms and molecules in a
wide range of materials. The energetic x-rays can penetrate deep into the materials
and provide information about the bulk structure.

X-ray diffraction is perhaps the most widely used material characterization
technique. XRD is based on constructive interference of monochromatic X-rays
impacting on a crystalline sample. The monochromatic X-rays are generated by a
cathode ray tube, filtered to produce monochromatic radiation, collimated to
concentrate them, and directed toward the sample. The interaction of the incident
rays with the sample produces constructive interference (and a diffracted ray) when
conditions satisfy Bragg's Law (nλ = 2d sin θ) (See Fig. 2.3). In the equation, λ is the
wavelength of the x-ray, θ is the scattering angle, and n is an integer representing the
order of the diffraction peak, while d is the interplanar distance for the given set of
lattice planes. Bragg's Law is one of most important physical laws used for
interpreting x-ray diffraction data. By scanning the sample through a range of angles
(2θ), all possible diffraction directions of the lattice can be attained, due to the
random orientation of the powdered material. Conversion of the diffraction peaks to
d-spacings allows identification of the mineral because each mineral has a set of
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unique d-spacings. Typically, this is achieved by comparison of the d-spacings with
standard reference patterns.
In this work, the XRD measurements were performed in the step-scanning
mode θ - 2θ by using a GBC MMA diffractometer with a Cu-Kα radiation source (λ
= 0.154 nm). Typically, diffraction data was collected from 5º – 80º in a step width
of 0.02º.

Figure 2.3 Bragg’s Law defining the conditions for the occurrence of
diffraction peaks.

2.2.2

Scanning electron microscopy (SEM)
The scanning electron microscope (SEM) uses a focused beam of high-

energy electrons to generate a variety of signals at the surface of solid specimens.
These signals include secondary electrons (that produce SEM images), backscattered
electrons, diffracted backscattered electrons, photons (used for elemental analysis
and continuum X-rays), visible light, and heat. These signals reveal information
about the sample, including external morphology (texture), chemical composition,
and crystalline structure and orientation of materials making up the sample.
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The SEM consists of an electron optical column, a vacuum system, and
various electronics. The electron gun at the top of the column produces a high-energy
electron beam, which is focused into a fine spot (< 4 nm in diameter) on the
specimen. This beam is scanned in a rectangular raster pattern over the specimen.
Secondary electrons are produced on the specimen surface and are detected by a
suitable detector. The amplitude of the secondary electron signal varies with time
according to the topography of the specimen surface. Then, the signal is amplified
and used to display the corresponding specimen surface information. Magnification
can be as high as 300,000×, moreover, in principle, the resolution of a SEM is
determined by the beam diameter on the surface of the specimen. The practical
resolution depends on the properties of the specimen, the specimen preparation
technique, and also on many instrumental parameters, such as the beam intensity,
accelerating voltage, scanning speed, distance of the lens from the specimen’s
surface, and the angle of the specimen with respect to the detector. Under optimum
conditions, a resolution of 1 nm can be achieved.
In this work, the morphology and structure of the samples was determined
using two different SEM instruments, namely, a JEOL7500 FA, Japan and a field
emission Zeiss Supra 55 SEM.

2.2.3

Transmission electron microscopy (TEM)
The transmission electron microscope uses a high energy electron beam

transmitted through a very thin sample to image and analyse the microstructure of
materials with atomic scale resolution. The electrons are focused with
electromagnetic lenses, and the image is observed on a fluorescent screen or recorded
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on film or a digital camera. The electrons are accelerated at several hundred kV,
giving wavelengths much smaller than that of light: 200 kV electrons have a
wavelength of 0.025 Å. The high resolution imaging mode of the microscope images
the crystal lattice of a material as an interference pattern between the transmitted and
diffracted beams. This allows one to observe planar and line defects, grain
boundaries, interfaces, etc. on the atomic scale. The bright field/dark field imaging
modes of the microscope, which operate at intermediate magnification, combined
with electron diffraction, are also invaluable for giving information about the
morphology, crystal phases, and defects in the material.
A TEM, like an SEM, has four main components, which are an electron
optical column, a vacuum system, necessary electronics, and software. The column is
the crucial item, with a built-in electron gun, which is capable of generating a high
energy e-beam. In observation, the beam emerging from the gun is condensed into a
nearly parallel beam at the specimen by the electromagnetic condenser lenses and,
after passing through the specimen, is projected as a magnified image of the
specimen onto the fluorescent screen at the bottom of the column. The image on the
fluorescent screen can be observed through a large window in the projection chamber
or in a computer display.
All the TEM analysis in this work was performed on a Philips CM 12 TEM
operated at 120 kV and a JEOL 2010 TEM operated at 200 kV.

2.2.4

Energy-dispersive X-ray spectroscopy (EDS)
Energy dispersive X-ray spectroscopy (EDS or EDX) is a chemical

microanalysis technique used in conjunction with scanning electron microscopy
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(SEM). The EDS technique detects x-rays emitted from the sample during
bombardment by an electron beam to characterize the elemental composition of the
analysed volume. Features or phases as small as 1 μm or less can be analysed. When
the sample is bombarded by the SEM's electron beam, electrons are ejected from the
atoms comprising the sample's surface. The resulting electron vacancies are filled by
electrons from a higher state, and an x-ray is emitted to balance the energy difference
between the two electrons' states. The x-ray energy is characteristic of the element
from which it was emitted. The EDS x-ray detector measures the relative abundance
of emitted x-rays versus their energy.
An EDS system is comprised of three basic components, the X-ray detector,
the pulse processor, and the analyser, and these must be designed to work together to
achieve optimum results. In practice, the X-ray detector first detects and converts Xrays into electronic signals. Then, the pulse processor measures the electronic signals
to determine the energy of each X-ray detected. Finally, the analyser displays and
interprets the X-ray data.
In this work, all EDS analysis was performed by using the EDS system supplied
with the JEOL-7500FA SEM.

2.2.5

Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a very high-resolution type of scanning
probe microscopy. It demonstrates a resolution on the order of several Å, which
enables people to observe, measure, and manipulate the topography of a sample on
the nanoscale. AFM provides a 3D profile of the surface on the nanoscale, by
measuring forces between a sharp probe (< 10 nm) and the surface at very short
distance (0.2-10 nm probe-sample separation). The probe itself is supported on a
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flexible cantilever. The AFM tip “gently” touches the surface and records the small
force between the probe and the surface. The amount of force between the probe and
the sample is dependent on the spring constant (stiffness of the cantilever) and the
distance between the probe and the sample surface. The vertical movements of the
probe, due to the surface structural fluctuation, are recorded as the sample
topography. The most commonly used probes are microfabricated silicon (Si) or
silicon nitride (Si3N4) cantilevers with integrated tips. The radius of the tip typically
varies from 5 to 20 nm, but the radius of a high-resolution tip can be less than 1 nm.
The atomic force microscope (AFM) with model, Asylum Research (MFP- 3D SA)
was used in our study.

2.2.6

Optical spectroscopy

Optical spectroscopy is the study of the interaction of light with matter. We
are particularly interested in absorption spectroscopy. A typical set up of a typical
ultraviolet-visible (UV-Vis) spectrophotometer is shown in Fig. 2.4 along with an
absorbance versus wavelength graph as an example. The matter/sample absorbs the
photons from the radiating field and this absorption intensity varies as a function of
the wavelength. The wavelength and amount of light that a sample absorbs depends
on its molecular structure and the concentration of the sample used. This
concentration dependence follows Beer’s Law:
A= εbc
where, A is the absorbance (A= log(I0/I), with I0 the incident light intensity and I the
intensity of light at a particular wavelength λ, which has passed through the sample.
This is also known as the transmitted light intensity.
ε is the molar absorptivity (L mol-1 cm-1)
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b is the path length of the sample (cm)
c is the concentration of the material in solution (mol L-1)

Figure 2.4 Schematic diagram representing a typical UV- Vis spectrophotometer
along with the raw absorbance vs. wavelength graph as an example.

In our work, the optical spectroscopy was performed using a Cary 6000i UVVIS-NIR spectrophotometer.
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2.3 Thermoelectric Measurements
2.3.1

Physical properties measurement system (PPMS)

The physical properties measurement system (PPMS, Quantum Design) is a
modular system with relatively open architecture. It is a variable temperaturemagnetic field system, designed to perform a variety of automated measurements.
The temperature dependent thermoelectric measurements were performed on this
system over the temperature range of 1.9 - 400 K using the Thermal Transport
Option (TTO).
The TTO system measures thermal conductivity, or the ability of a material to
conduct heat, by monitoring the temperature drop along the sample as a known
amount of heat passes through the sample. TTO measures the thermoelectric Seebeck
effect as an electrical voltage drop that accompanies a temperature drop across
certain materials. The TTO system can perform these two measurements
simultaneously by monitoring both the temperature and the voltage drop across a
sample as a heat pulse is applied to one end. The system can also measure electrical
resistivity ρ by using the standard four-probe resistivity kit provided by the PPMS
AC Transport Measurement System (ACT) option (Model 7500), whose function is
to provide output current to the heater and sample while providing low- noise, phase
sensitive detection. Separate measurement protocols are provided for thermal
conductivity, the Seebeck coefficient, and electrical resistivity because these
individual quantities may be more accurately measured by using excitation currents
and temperature differentials optimized for each situation.
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2.3.1.1 Theory of operation
The thermal and electrical connections for an idealized TTO sample are
shown in Fig. 2.5. The four basic physical elements are illustrated: the sample, the
epoxy bonds that are used to attach electrical leads to the sample, the copper leads,
the heater, and the thermometer shoe assemblies that are screwed down onto the
leads. For thermal conductivity and Seebeck coefficient measurements, heat is
applied to one end of the sample by running current through the heater (Q+/-). The
temperatures Thot and Tcold are measured at the thermometer shoes. The TTO system
dynamically models the thermal response of the sample to the low-frequency,
square-wave heat pulse, thus expediting data acquisition. TTO can then calculate
thermal conductivity directly from the applied heater power, the resulting ΔT, and
the sample geometry. Also during the heat pulse, the Seebeck voltage (ΔV = V+ −
V−) is monitored. Heat exits the sample through the cold foot. Electrical resistivity ρ
measurements are made both before and after the heat pulse described above. Current
(I+/-) flows through the sample, and the voltage drop across the sample is monitored
using the V+/- leads. The TTO system measures electrical resistivity by using a
precision digital signal processor (DSP) current source and phase-sensitive voltage
detection. The epoxies used to attach the leads to samples are Silver-Filled H20E
from Epoxy Technology, Inc., and nonconductive Tra-Bond 816H01 from Tra-Con,
Inc.
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Figure 2.5 Thermal and electrical connections for
an idealized sample [Fig. Ref.1].

2.3.2

Steady

state

technique

for

thermal

conductivity

and

Seebeck

measurements
Simultaneous measurements of room temperature thermal conductivity and
the Seebeck coefficient were also carried out through a steady state set-up5. As
shown in Fig. 2.6, a thin-film heater is used to create a temperature difference across
the sample, while the temperatures at the top and bottom sides of the sample are
measured using two fine thermocouples. The Seebeck voltage developed across the
sample is simultaneously measured using two fine copper wires. In order to ensure
good thermal contact between the sample, the heater, and the heat sink, indium was
used as a thermal interfacial material (TIM) to minimize thermal contact resistance.
The setup is calibrated using glass samples before the measurement to determine the
interface thermal resistance and quantify the heat losses in the system. The heat
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losses are minimized by providing a high thermal resistance path between the clamp
and the heater, and running the experiments in a temperature controlled vacuum
chamber.

Figure 2.6 Steady state set-up for the room
temperature measurement of thermal conductivity and
the Seebeck coefficient.

2.3.3

Van der Pauw setup for electrical conductivity measurements
Van der Pauw measurements require 4 probes – two for current and two for

voltage (Fig. 2.7). The samples used are in the shape of discs with thicknesses of
about 0.5-1 cm. Numbering the points at which the probes contact the sample in a
clockwise fashion, and starting with the probe in the “one thirty” clock position, as
shown in Fig 2.7, the probes are labelled 1, 2, 3, 4.
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Figure 2.7 Probe configuration for van der
Pauw measurement.

The notation, R12,34 will refer to the resistance measurement found from the
voltage across probes 3 and 4 due to the current from probes 1 and 2:
(2.1)
In order to find the conductivity of the sample, the sample thickness must be
known (also the height dimension if the sample is considered to be a cylinder). In
addition, two, four, or eight total measurements must be carried out, with the eight
measurement technique proving more accurate and the two measurement technique
being the fastest. For each number of measurements, the sample resistance can be
found by solving for Rs given in Eq. (2.2):
(

)

(

)

(2.2)

where, Rhoriz and Rvert represent the horizontal and vertical resistance measurements
of the sample, respectively. For a two measurement VdP, these resistances can be
calculated according to Eq. (2.3):
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RHoriz = R12,34
RVert = R12,34.

(2.3)

The four measurement technique requires the measurements of R12,34, R34,12, R23,41,
and R41,23, as shown in Eq. (2.4):

(2.4)
Finally, for the eight measurement VdP, the Rhoriz and Rvert values needed to solve for
Rs in Eq. (2.2) are calculated as shown in Eq. (2.5):

(2.5)
After the sample is placed in the holder, the resistance is measured using a
multimeter to make sure that the contact resistance is less than 2 Ω. The
measurement data are recorded by personal computer (PC) using the Lab View
interface.

2.3.4

Hall measurements for carrier concentration
Hall measurements take place in the presence of a strong magnetic field

(usually on the order of 1 Tesla) that is perpendicular to the flat surface of a disc
shaped sample (Fig. 2.8). For the Hall measurement, the Hall voltage is defined by
Eq. (2.6):
(2.6)
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where, I is the current in amperes (A), B is the magnetic field in Wb/cm2, q is
the fundamental charge of an electron in coulombs, and ηs is the charge carrier
density for electrons multiplied by the thickness of the sample. Since we are
interested in carrier concentration, therefore, the above equation can be written as:
|

(2.7)

|

Figure 2.8 Probe configuration for Hall measurement.

Eight voltage measurements are needed to calculate VH, in which the current
direction and orientation is changed to account for voltage offsets that may arise due
to sample asymmetry, as shown in equation Eq. (2.8):

,

(2.8)

where, V13,P represents the voltage measurement across probes 1 and 3 with a
magnetic field flux in the positive direction and V13,N represents the voltage
67

measurement across probes 1 and 3 with the magnetic field flux in the negative
direction. Eq. (2.9) is then used to calculate the Hall voltage:
(2.9)
When the Hall voltage is calculated, the polarity of the measurement
indicates a p-type material if it is a positive voltage and an n-type material if it is a
negative voltage.

2.3.5

High temperature electrical conductivity and Seebeck coefficient
measurements using ULVAC (ZEM-3)

Figure 2.9 A schematic representation of the principle of measurement by
ULVAC ZEM-3.

High temperature measurements of the Seebeck coefficient and electrical
conductivity were made simultaneously by the static DC method (ULVAC ZEM-3,
USA) with temperature gradients of 20 ºC, 30 ºC, and 40 ºC. The temperature range
for the measurements was 300 K to 1000 K. A cylindrical sample is set in a vertical
position between the upper and lower blocks in the heating furnace. While the
sample is heated to, and then held, at a specified temperature, it is heated by the
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heater in the lower block to provide a temperature gradient. The Seebeck coefficient
is measured by measuring the upper and lower temperatures T1 and T2 with the
thermocouples pressed against the side of the sample, followed by measurement of
the thermal electromotive force dE between the same wires on one side of the
thermocouple.
Electrical resistance is measured by the DC four terminal method, in which a
constant current I is applied to both ends of the sample to measure and determine the
voltage drop dV between the same wires of the thermocouple by subtracting the
thermo-electromotive force between the leads.
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CHAPTER 3
3 Effect of gallium doping and ball-milling process
on the thermoelectric performance of ZnO

3.1 Preface
The discovery of the Al: ZnO1 system as a promising n-type thermoelectric material
has paved the way for further exploration of ZnO material for this purpose.
Characteristics such as a wide band gap and inherent native defects are the basis of
its excellent charge carrier transport properties2, which can be further improved
through doping. Several reports were published on improving the thermoelectric
properties of ZnO either through different synthesis techniques3-5 or by employing
different dopant ions in the lattice structure6-8. Doping group III elements such as
aluminium6, 7 and indium8 into ZnO has been widely explored. On the other hand,
little work has been reported on the thermoelectric properties of Ga doped ZnO9, 10. It
has been suggested in earlier reports that Ga not only acts as a donor itself, but also
changes the oxygen vacancy characteristics of ZnO, resulting in a further increase in
charge carrier concentration10. Ga, being a group III element, is certainly an
interesting candidate for enhancing thermoelectric performance of ZnO. Two
techniques have been used to synthesize our Ga doped samples, i.e. conventional
solid state synthesis and ball milling. Ball milling is effective in inducing chemical
reactions which do not normally happen at room temperature11 and is a versatile
technique for the production of a range of materials12. In this work we have
systematically studied the thermoelectric performance of Ga doped ZnO
thermoelectric oxide as a function of synthesis conditions and techniques.
71

3.2 Experimental
Two sets of samples belonging to the Zn1-xGaxO (x = 0, 0.003, 0.005, 0.01) series
were prepared using zinc oxide (ZnO, 99.99%) and gallium oxide (Ga2O3, 99.99%),
as obtained from Sigma Aldrich. Two standard synthesis procedures, i.e. the
conventional solid state reaction method (SSR), and low energy (LE) and high
energy (HE) ball milling processing were adopted. For the SSR method, the starting
powders were mixed thoroughly in appropriate proportions and were calcined at 800
ºC for 24 h in air. The resulting powders were reground, pressed into rectangular
pellets and sintered at 1300 ºC for 36 h in air. For the ball-milling method, the ballmilling conditions were optimized by testing three procedures − low energy dry
milling (200 rpm), low energy wet milling (200 rpm), and high energy wet milling
(750 rpm). For wet milling, ethanol was used as the medium. Starting powders were
mixed in stoichiometric quantities in a tungsten vial containing ethanol and tungsten
balls. Then, the powder mixtures were ball milled at the above-mentioned speeds for
24 h. Afterwards, the tungsten balls were removed, and the slurry was dried in
vacuum for 24 h. Dry powders were then pressed into rectangular pellets (1 × 3 × 10
mm3) under 40 MPa and sintered at 1300 ºC for 12 h in air.
Crystal structures of the as-synthesized samples were examined by means of X-ray
diffraction (XRD; GBC MMA, Australia) using Cu-Kα radiation (λ = 1.54056 Å) in
a 2θ range of 30º - 70º. XRD patterns were carefully analyzed by the Rietveld
refinement method using the Rietica software package (Version 1.7.7). The
morphology and the microstructure of the samples were examined by a field
emission scanning electron microscope (FESEM, JEOL7500 FA, Japan). Sample
densities were measured using Archimedes principle. The room temperature Seebeck
coefficient, thermal conductivity, and electrical conductivity were obtained by
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employing a physical properties measurement system (PPMS; Quantum Design,
USA). High temperature measurements of the Seebeck coefficient and electrical
conductivity were conducted by the static DC method (ULVAC ZEM-3, USA) with
temperature gradients of 20ºC, 30ºC, and 40ºC.

3.3 Results and Discussions
3.3.1

Optimization of Synthesis technique
Fig. 3.1 shows the low temperature (50 to 300 K) thermoelectric properties of

an as-sintered Zn0.995Ga0.005O sample prepared under three different ball-milling
regimes. The sintered sample obtained from LE dry ball-milled powders showed the
highest electrical resistivity (Fig. 3.1(a)) of 1.16 × 10-4 Ω-m and the lowest thermal
conductivity (Fig. 3.1(c)) of κ = 25.33 Wm-1K-1. We have confirmed that these
features were mainly influenced by the presence of tungsten impurities 13 in the
samples (as tungsten was identified during XRD measurements, Fig 3.2(b)). Such
impurities originated from the high friction collisions of the powder with the
tungsten balls and the vial. These tungsten impurities are capable of acting as
scattering centres for both phonon and charge carriers, hence, reducing thermal as
well as electrical conductivity. In order to eliminate the friction during milling,
ethanol was added as a medium and, consequently, no tungsten impurities were
detected in the wet-milled samples. The low-energy (200 rpm) wet ball-milled
sample (LE) was found to be the least resistive at room temperature with ρ = 0.46 ×
10-4 Ω-m followed by the high energy (750 rpm) wet-milled sample (HE) with ρ=
0.88 × 10-4 Ω-m. High energy ball milling is known to produce lattice disorder and a
high density of point defects14-16, which might act as carrier scattering centres,
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making the resistivity of the HE sample higher than that of the LE sample. It appears
that the differences in the properties of the samples prepared through three different
sets of ball-milling conditions are not completely intrinsic, but are strongly
dependent on the sample preparation method. Surface morphology studies of the
high-energy ball-milled samples showed that the particle size of the initial powders
was reduced to the order of tens of nanometers, ~ 60 nm and ~ 30 nm for LE and HE
wet-milled samples, respectively. The density of the samples derived from the
powders pressed under 40 MPa was 5.02 g/cm3 (89 % relative density) and 4.89
g/cm3 (87% relative density) for the LE and HE wet-milled samples, respectively.
The small particle size of the high-energy wet-milled powder resulted in an increased
number of voids (~ 900 nm average diameter)17 in the compact disc, which explains
the lower density. After sintering, the number of voids decreased considerably,
giving a void structure in a densely sintered ZnO matrix with a relative sample
density of 96%. This kind of void structure was not observed for the low-energy wetmilled sample. The nanograins produced during ball milling contain a high degree of
dislocations. The void formation in the HE samples is assumed to be the direct result
of the high degree of disorder, mainly at grain boundaries, that is caused by highenergy ball milling. This kind of void formation has been reported for other systems
as well15.
FESEM images (Fig. 3.3(a) and (b)) of the surface and the cross-section of
the as-sintered Zn0.995Ga0.005O (high-energy wet-milled) sample shows a dense
microstructure which consists of voids, roughly 900 nm in size. The energy
dispersive X- ray spectroscopy (EDS) data acquired from the grains and the void area
(Fig. 3.4) showed that the voids have less oxygen and more zinc as compared to the
bulk grain area. Taking these factors into account, we conclude that at the grain-void
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interface, the amount of oxygen vacancies and zinc interstitials is higher, which act
as n-type donors. In addition, the presence of voids in the HE wet-milled sample
facilitated reduced thermal conductivity, which was ~28% lower than for the lowenergy wet-milled sample. This decrease in thermal conductivity resulted in the
highest room temperature figure of merit (Fig. 3.1(d)) among the samples from the
three different regimes that were tested.

Figure 3.1 Temperature (T) dependencies of (a) electrical resistivity (ρ), (b) Seebeck
coefficient (α), (c) thermal conductivity (κ), and (d) the Figure of Merit (ZT) for as-sintered
Zn0.995Ga0.005O sample prepared by high energy wet ball milling.

To further test the effectiveness of the HE wet ball-milling technique for the
enhancement of thermoelectric properties, we prepared Ga-doped ZnO samples using
the conventional solid state reaction method (SSR). To eliminate any other heat
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treatment factors all SSR samples were sintered under the same conditions. Fig. 3.2
shows X-ray diffraction patterns for Zn1-xGaxO (x = 0, 0.003, 0.005, 0.01) samples
synthesized by HE wet ball milling, and the inset in Fig. 3.2 shows XRD patterns for
the SSR samples. All XRD patterns correspond to the hexagonal ZnO (JCPDF #750576) phase. For the HE wet milled samples, a ZnGa2O4 impurity peak was
identified for samples having 1% or more Ga. However, SSR samples do not show
any impurity phases. This can be directly attributed to the different particle formation
mechanisms in the SSR and ball milling methods. In the course of ball milling, the
nucleation of nanocrystalline ZnO-Ga2O3 particles take place by solid state diffusion
between them. Both the collision temperatures and the particle size favor a formation
mechanism which might allow the formation of secondary phase for higher Ga
concentrations.
Fig. 3.3(c) and (d) show FESEM images of the as-sintered Zn0.995Ga0.005O
and Zn0.99Ga0.01O (SSR) samples. The relative density of these samples was found to
be ~ 87%, which is 11% lower than the density of the HE wet-milled samples. The
explanation of this density difference lies in the fact that the rate of sintering, often
described as the elimination of pores, is approximately proportional to the surface
energy and inversely proportional to the grain size. Therefore, it is suggested that
small grain size and large surface enhances densification18, as observed in the present
case of HE wet-milled samples.
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(a)

(b)

Figure 3.2(a) XRD patterns of the as-sintered Zn1-xGaxO (x = 0, 0.003, 0.005, 0.01) samples
prepared by high energy wet ball milling. The inset shows representative sections of the
XRD patterns for SSR samples. (b) XRD pattern of low energy dry milled pure ZnO powder
showing tungsten impurities.
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Figure 3.3 FESEM images of (a) surface and (b) cross-section of as-sintered high energy
wet ball-milled Zn0.995Ga0.005O sample. Inset in (a) presents a magnified view of a void in the
sample. (c) and (d) show FESEM images of Zn0.995Ga0.005O and Zn0.99Ga0.01O samples
prepared by the SSR method.

Energy (keV)
Figure 3.4 EDS spectra showing oxygen and zinc peaks in spectra collected from the voids
and the grain surface.
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Fig. 3.5 shows a comparison of the dependence of electrical conductivity (σ)
on temperature (T) for Zn1-xGaxO samples prepared by SSR. The electrical
conductivity (σ) increases with increasing Ga concentration, which can be explained
by the expected increase in the free electron density due to the Ga addition19. Unlike
the case of SSR samples, the electrical conductivity (σ) of HE wet ball-milled
samples increases with decreasing unit cell volume, which implies effective
substitution of Ga3+ into the Zn2+ site. As the ionic radius of Ga3+ (76 pm) is smaller
than that of Zn2+ (88 pm), a decrease in the unit cell volume with increasing Ga
doping is expected, which is the case with our HE wet ball-milled samples. Also, the
conductivity of the HE wet ball-milled samples is about 5-fold higher than for the
SSR samples, which can be attributed to the relatively effective Ga incorporation into
the ZnO lattice. The lower conductivity of the SSR samples can also be related to the
porous microstructure, resulting in lower charge carrier mobility. Furthermore, it is
reasonable to assume that in the SSR samples, Ga atoms act more like neutral defects
rather than charge donors due to insufficient Ga substitution in Zn sites. Thus their
contribution to the electrical conductivity decreases, and they might also give rise to
enhanced scattering potentials, resulting in the localization of electronic states20.
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Figure 3.5 σ of the as-sintered Zn1-xGaxO samples prepared by the SSR method. (Inset
shows electrical conductivity as a function of unit cell volume, extracted from the lattice
parameter refinement for wet high energy milled and SSR samples).

Electrical

conductivity

(σ)

of

the

SSR

samples

follows

typical

semiconducting behavior, i.e., it increases with increasing temperature. The
activation energy was calculated according to Eq. (3.1) 21:

   0 exp(

 E
),
k BT

(3.1)

where, E the conductivity activation energy, kB is the Boltzmann constant, and σ0 is
the temperature independent part of the conductivity. The activation energy of the
SSR Zn1-xGaxO samples decreases with increasing doping level with 23.7 meV, 9
meV, and 5 meV for x = 0.003, 0.005, and 0.01, respectively. It is important to note
that this is still higher than that of HE wet milled samples (Fig. 3.7). It is well known
that the activation energy decreases with increasing grain size. This variation in the
activation energy can be attributed to the changes in the barrier height due to the size
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of the grains in a polycrystalline material21. Therefore, higher activation energies in
the SSR samples are the result of inhomogeneity, porous morphology, and large
numbers of grain boundaries, making the grain boundary effect more pronounced in
these samples as compared to the ball-milled ones. In all respects, HE wet ball
milling has been proved to be an efficient technique for producing high quality Ga
doped ZnO bulk samples.

3.3.2

High Temperature Thermoelectric Properties
Fig 3.6 shows the electrical conductivity (σ) of HE wet ball-milled Zn1-xGaxO

(x = 0, 0.003, 0.005) samples at high temperatures. Pure ZnO shows semiconducting
behavior throughout the temperature range studied, whereas Ga doped ZnO shows a
clear semiconductor- metal transition at 573 K and 389 K for x = 0.003 and x =
0.005, respectively.

Figure 3.6 σ of high energy wet ball-milled Zn1-xGaxO (x = 0, 0.003, 0.005) samples in the
temperature range of 100 K – 1000 K, showing a semiconductor-metal transition for the
doped samples.
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The electrical conductivity of Ga doped ZnO is ~3 orders of magnitude
higher than that of pure ZnO at room temperature and ~2 orders of magnitude higher
at 1000 K. At higher temperatures, Ga doped ZnO becomes degenerate and shows
metallic behavior22. The metallic conductivity can be explained using Mott’s
theory23, which says that as the inter-donor atom spacing is reduced, free carriers do
not appear until a critical concentration is reached. From the expression nc ≈
(0.25/aH)3, where aH is the atomic radius of the impurity atom under consideration,
the critical concentration (nc) for the Ga:ZnO system should be 1019 cm-3 to make it
degenerate19. Now, the highest electrical conductivity achieved in our samples is ~
140 Ω-1m-1 for the 0.3 at.% doping level. Comparing this result with the earlier
reported work on this system, we observe that our doping levels are much lower than
what is required (~ 2 at.%) to achieve such high electrical conductivity19.
Furthermore, the carrier concentration at which σ ≈ 140 Ω-1m-1 is reported to be ~
1020 cm-3 19. Although, this comparison cannot be considered as conclusive, we could
still argue that with ≤ 5 at.% Ga doping level in ZnO, one cannot possibly achieve
such high electrical conductivities, which again points to other contributions, which
in our case is oxygen vacancies. Our Ga doping levels are ≤ 0.5 at. % which cannot
be considered sufficient to achieve such high carrier concentrations19. It has been
suggested earlier that Ga not only acts as a donor itself, but also changes the oxygen
vacancy characteristics10. The significant difference in the bond length between Ga
atoms and the nearest neighbor atoms compared to the ideal Zn-O bond length can
induce large lattice strains around Ga impurities, which can make the formation of
compensating defects such as oxygen vacancies easier around the impurities24.
Therefore, we can say that metallic conductivity at high temperatures in Ga doped
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ZnO is a result of the combined effect of Ga substitution and the formation of oxygen
vacancies 10.
Fig. 3.7 shows a logarithmic plot of the resistivity normalized by the
resistivity at 400 K vs. 1/kT for Zn1-xGaxO (x = 0.003, 0.005). Different energy
ranges were identified where the curve has linear behavior. The activation energy of
Zn0.997Ga0.003O as determined from the slopes is 15.4 meV in the 1/kT range (27.28
eV − 37.38 eV) and 3.9 meV in the range of (41.92 eV − 66.40 eV). For
Zn0.995Ga0.005O, we found an activation energy of 18.1 meV in the 1/kT range (35.73
eV − 42 eV) and 7.8 meV in the range of (42.04 eV − 61.35 eV). It has been
suggested earlier that for the Ga doped ZnO system, the electrons are weakly
localized at low temperatures25. Electrical conductivity in a weakly localized regime
is given by Eq. (3.2)25, 26



 C 
l
1 
2 
 (k F l )  Li

   B 1  




 ,

(3.2)

where σB is the Boltzmann conductivity, C is a constant of the order 1, l is the mean
free path, and Li is the inelastic diffusion length. Also, an expression σ
becomes valid in this regime.
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T1/2

Figure 3.7 Logarithm of resistivity versus 1/kT for high energy wet ball-milled Zn1-xGaxO
(0.003, 0.005) samples, along with their activation energies. The resistivity is normalized by
the resistivity at 400 K. (The inset shows the plot of σ vs. T1/2 at temperatures in the range of
165 K – 300 K. The straight lines represents weak localization in this temperature range.)

The inset in Fig. 3.7 is a plot of electrical conductivity versus T1/2 for Ga
doped samples. The constant slope suggests that the conductivity is governed by
weak localization at temperatures lower than room temperature. A similar
observation has been reported earlier for Ga-doped ZnO thin films by Bhosle et al.10.
They suggested that with decreasing temperature, Li increases and, consequently,
becomes equal to the distance between Ga atoms, which results in constructive
interference of the electrons and, hence, the appearance of localization. For Ga doped
samples at temperatures about and above 300 K, there is a further increase in
conductivity, representing relatively deeper donor levels located at 15.4 meV and
18.1 meV for Zn0.997Ga0.003O and Zn0.995Ga0.005O, respectively. The origin of these
donor levels could not be understood completely but they can be a result of a void
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structure. As mentioned earlier, these voids consist of oxygen vacancies and zinc
interstitials which act as n- type donors. Therefore we speculate, that the voids can be
considered as electrically charged, creating a potential energy barrier which can
impede the motion of the carriers, thereby reducing their mobility. This idea comes
from the basic understanding of disordered grain boundaries which trap charge
carriers and become electrically charged27. The transition towards metallic
conduction occurs at T= 573 K for Zn0.997Ga0.003O and T= 389 K for Zn0.995Ga0.005O
where the electrons are considered to be completely delocalized. For our samples, the
metal-semiconductor transition and, hence, delocalization occurs at much higher
temperatures than those reported for Ga doped thin films (93 K-170 K) 10. This can
be explained by taking into account higher disorder caused by the presence of voids
and other factors such as native defects. Higher disorder causes the electrons to
interfere at shorter values of Li, thus increasing the temperature at which localization
takes place.
Fig. 3.8 shows the dependence of the Seebeck coefficient (α) on temperature.
The Seebeck coefficient is negative within the whole temperature range examined,
indicating n-type conduction. Undoped ZnO exhibits a room temperature α300K ≈ 398.31 µVK-1 and a high temperature α1000K ≈ -350 µVK-1. For Ga doped ZnO, α
increases with increasing doping and reaches a value of -134 µVK-1 at 300 K and 185 µVK-1 at 1000 K, which is ~30-45% higher than the values previously reported
for the ZnO:Ga system9 28. The high α can be correlated with the presence of voids.
On the assumption of a potential barrier existing at the grain-void interfaces, it can be
argued that in our samples, the energy filtering effect is responsible for the large
Seebeck coefficient to some extent. We report a power factor of 3.7 × 10-4 Wm-1K-2
at 1000 K for Zn0.995Ga0.005O which is comparable to the previously reported values
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for this system9, 28. The voids also proved to be successful in reducing the thermal
conductivity (κ) of ZnO due to the increase in the density of phonon scattering
centers. The room temperature κ for void structured Ga:ZnO (high energy wet-milled
Ga:ZnO) (Fig. 3.1(c)) was found to be 27 Wm-1K-1, which is considerably lower than
the reported values for non-nanostructured bulk ZnO samples, generally around 40
Wm-1K-1 1. Although, κ at high temperatures was not measured, we speculate that at
high temperatures, this characteristic must have been improved because of the
peculiar microstructure of the samples. Further exploration of the high temperature
thermal conductivity of Ga doped ZnO samples is needed.

Figure 3.8 High temperature measurement dependence of α for high energy wet ball-milled
Zn1-xGaxO (0.003, 0.005) samples. (The inset shows the power factor.)

3.3.3

Jonker Plot Analysis
For extrinsic n type semiconductors with negligible hole conduction, the

electrical conductivity and Seebeck coefficient can be expressed as29
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,
{

( )

(3.3)
},

(3.4)

where e is the electronic charge, n is the electron concentration, Nc is the conduction
band density of states (DOS), k is the Boltzmann constant, µ is the carrier mobility,
and A is the transport constant. From Eqs. (3.3) and (3.4), one arrives at a simple
relationship between the Seebeck coefficient and the electrical conductivity
(

),

(3.5)

where “+” is for the n-type case (our case) and “-” is for p-type case. Here, σ0 =
Nceµ∙exp(A) is largely governed by the DOS-µ product. Thus a plot of the Seebeck
coefficient versus the natural logarithm of conductivity possesses the slope of k/e
(86.15 µVK-1), and the intersection with the x-axis corresponds to lnσ0. Such Jonker
plots of our samples for different temperatures (room temperature, 500, 800, 1000 K)
are presented in Fig. 3.9. A gradual increase in the slope can be seen with respect to
the operating temperature. A discrepancy, very similar to the one reported earlier for
Al: ZnO30, can be observed, i.e., the slope did not coincide with k/e (86.15 µVK-1)
and ranged between 32.5 µVK-1 for room temperature to 69 µVK-1for 1000 K. The
inset in Fig. 3.9 summarizes the trend in lnσ0 with the temperature, where lnσ0
initially increases with temperature and then follows an opposite trend at
temperatures higher than ~ 500 K. As the extrapolated intercept, lnσ0 is essentially
governed by the DOS-µ product, so it can be assumed that this variation in lnσ0 is
due to the variation of the carrier mobility with temperature. However, it is important
to note that lnσ0 still acts as an index of the optimum condition30.
Now, the maximum power factor is reached when lnσ = lnσ0 – 2. As lnσ0 reaches its
maximum at ~ 500 K, therefore, it follows that the maximum power factor (PFmax),
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calculated as 3.8 × 10-3 Wm-1K-2 should appear near the conductivity of 1170 Ω-1cm-1
at ~ 500 K. Also, the predicted conductivity at 1000 K (169 Ω-1cm-1) is much lower
than that at 500 K. This implies that although the predicted values do not match those
experimentally obtained, the trend in conductivity does coincide. The temperatures
around 500 K prove to be interesting for our void structured Ga doped ZnO sample.
However, a more thorough analysis using mobility and carrier concentration
measurements is required in order to precisely recognize the role of voids, which are
believed to be detrimental for the enhancement of thermoelectric properties of our
Ga doped ZnO samples. Also, a better optimization of ball-milling conditions, such
as milling time, milling speed, wet-milling agent, etc., might be helpful in obtaining
the power factor predicted by Jonker plot analysis.

Figure 3.9 Jonker plots at different temperatures along with the slopes. The inset shows the
intersections of Jonker plot at different temperatures. Here, ln σ 0 is the intersection with the
x-axis in the Jonker plot analysis.
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3.4 Conclusion
In summary, thermoelectric properties and their dependence on the sample
processing methods for bulk Ga doped ZnO system were studied. Three different
processing parameters were employed for the synthesis of ball-milled samples, with
the high energy wet ball-milling regime being the best in terms of the samples’
thermoelectric performance. The microstructure of the prepared HE wet ball-milled
samples showed highly dense structure containing a large number of voids that
penetrate the body of the samples. Wet milled samples were found to have a metalsemiconductor transition at the temperatures of 573 K for the 0.3% and 389 K for the
0.5% Ga doped samples. It was determined that donor levels are located at 3.9 meV
and 7.8 meV below the conduction band, and deeper donor levels were also found to
be located at 15.4 meV and 18.1 meV for the 0.3 and 0.5 at.% doped samples,
respectively. These donor levels were presumably due to the presence of voids in the
structure. Jonker plot analysis was employed to analyze the performance of the void
structured Ga:ZnO system, through which a very high PFmax of 3.8 × 10-3 Wm-1K-2
was predicted for the optimum conductivity of 1170 Ω-1cm-1 at ~ 500 K.
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CHAPTER 4

4 Thermoelectric
performance
nanostructured ZnO doped with Al

of

bulk

4.1 Preface
The ZnO system possesses all the desirable characteristics for a good
thermoelectric material, except that its thermal conductivity κ is high, mainly due to
the lighter atomic mass and non-complex lattice structure. There are several reports
in the literature based on improving the thermoelectric properties of ZnO either
through different synthesis techniques1-3 or by incorporating different dopant ions
into the crystal lattice4-6. Although these attempts have considerably enhanced the
thermoelectric properties (TE) of ZnO, it is still not enough to make this material
practically usable. Therefore, decreasing κ without negatively affecting the power
factor α2σ has become major challenge for the researchers working on this system.
For example, Al-doped non-nanostructured ZnO is one of the best n-type
thermoelectric oxides5 with figure of merit, ZT ≈ 0.17 at 1000 K (reaching a peak of
0.3 at 1273 K), but κ1273K = 5 Wm-1K-1, which is factorially higher than κ for
chalcogenide alloys at their operational temperatures7. For the purpose of decreasing
the lattice thermal conductivity, L, nanostructuring8 has been shown to be more
effective than incorporation of dopants and/or alloying with other elements9. Since
the electronic component of the thermal conductivity. κe. is 10- to 100-fold lower
than κL in ZnO10, κL diminution directly translates to a lower κ, which promotes ZT
enhancement. In this Chapter, we worked on the first ever creation of bulk n-type
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ZnO-based nanocomposites through the assembly of Al-doped ZnO nanocrystals
synthesized by a rapid scalable approach (see Fig. 4.1).

Figure 4.1 Schematic illustration of the fabrication of high ZT Al-containing ZnO
nanocomposites by the cold-pressing and sintering of Al-doped ZnO nanocrystals
synthesized by microwave-stimulated solvothermal synthesis.

4.2 Experimental
Zinc acetate [Zn(O2CCH3)2], 99.99%, aluminium acetate [Al(C2H3O2)2OH],
1,5-pentanediol (95%), and oleylamine [CH3(CH2)7CH=CH(CH2)8NH2] were
obtained from Sigma Aldrich and used without further purification. Al doped and
undoped ZnO nanocrystals were synthesized using the following recipe for a typical
small-scale synthesis:- In a round bottom flask, 3 g zinc acetate (~0.016 mol) and
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500 µl oleylamine were added to 10 ml of 1,5-pentanediol and sonicated for 5
minutes. For preparation of doped samples, the required amount of aluminium
acetate, corresponding to 0.25, 0.5, 1 and 2 at.% dopant concentration, was added to
the solution. The mixture was then irradiated at 200 °C in a microwave oven (2.45
GHz, Discover, CEM, USA). A series of experiments were performed to optimize
microwave irradiation conditions, including the irradiation time and microwave dose.
After systematic investigations, >16 kJ/g was found to produce pure and crystalline
ZnO nanoparticles with a narrow size distribution. Thereafter, the same conditions
were utilized for all the syntheses. Fig. 4.2 is a schematic representation of the
reaction taking place between the reactants along with the microwave conditions
used for the synthesis. The pure ZnO suspension as obtained after synthesis was
milky white, whereas the Al-doped ZnO suspensions were light green in colour. The
nanoparticles were extracted by centrifugation and sonication in alcohol and dried in
a fume hood overnight.
The as-synthesized nanocrystals and sintered pellets were characterized using
X-ray diffraction (XRD) (GBC MMA diffractometer with a Cu-Kα radiation source
(λ = 0.154 nm)), and scanning and transmission electron microscopy (SEM and
TEM) and diffraction. The nanocrystal morphology and structure, and the sintered
pellet nanostructure were determined using a field-emission Zeiss Supra 55 SEM
operated at 1-5 kV, a Philips CM 12 TEM operated at 120 kV, and a JEOL 2010
TEM operated at 200 kV. Optical spectroscopy was performed using a Cary 6000i
ultraviolet-visible-near infrared (UV-VIS-NIR_ spectrophotometer.
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Figure 4.2 Schematic representation of the synthesis of ZnO nanocrystals by
microwave irradiation. For Al doped ZnO nanoparticles, the required amount of
aluminium acetate along with zinc acetate was used as precursor.

Room-temperature electrical conductivity and Hall measurements on the
sintered pellets were carried out using the van der Pauw four-point probe technique.
A steady state technique (Ch. 2, Section 2.3.2) was used to simultaneously measure
the room-temperature thermal conductivity and the Seebeck coefficient of the
sintered samples. High temperature measurements of the Seebeck coefficient and
electrical conductivity were made by the static DC method (ULVAC ZEM-3, USA)
with temperature gradients of 20 ºC, 30 ºC, and 40 ºC. Measurement uncertainties are
1%, 1%, 5%, and 7% for , , , and ZT, respectively.

4.3 Results and Discussion
4.3.1

Synthesis and Characterization of Al doped ZnO nanoparticles
Multi-gram quantities of Al-doped ZnO nanocrystals were synthesized by a

rapid (>2 g/min) and scalable microwave-activated thermal decomposition of zinc
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and aluminum acetates in pentanediol with oleylamine as a surfactant. While the
oleylamine/acetate ratio and temperature are key factors in conventional ZnO
synthesis via aminolytic reaction11, the microwave dose also allows control over
nanocrystal shape and size12. Microwave exposures of ≤ 3 mins, corresponding to a
microwave dose of ~16 kJ/g, result in ZnO nanocrystals with average sizes of davg ≤
25 nm, with a ~50% yield (Fig. 4.3(a)). Increasing the microwave dose to ~48-60
kJ/g increases the yield to ~65-75% and davg to ~35 nm, accompanied by up to
threefold increase in the aspect ratio (Fig. 4.3(b)). This anomalous particle growth
could be explained through the interface-solvent interactions. It is known that the
(0001) facet of the ZnO crystal is a slightly positively charged Zn surface. 1,5pentanediol13, being a negatively charged chemical species, can effectively attach to
the (0001) facet of the crystal and retard its growth in that direction, which then
results in anomalous grain growth14. A comparable situation has been reported earlier
for ZnO nanoparticles prepared using different glycols as the solvent. In our case,
however, this behaviour is observed only for reactions taking place with higher
microwave heating time.
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Figure 4.3 SEM micrographs of ZnO nanocrystals synthesized with
microwave doses of (a) 16 kJ/g and (b) 48 kJ/g. Insets show the
nanocrystal size distributions. (c) Bright-field TEM micrograph showing
faceted ZnO nanocrystals doped with 0.25 at.% Al. (d) Representative
electron diffraction pattern showing Bragg rings consistent with the
wurtzite structure. (The scale bar in (a) and (b) are 100nm)

Transmission electron microscopy (TEM), and selected-area electrondiffraction from the as-synthesized ZnO nanostructures (see Figs. 4.3(c-d)) indicate
that each nanoparticle is a single-crystal with the wurtzite structure. X-ray
diffractograms (XRD) from the nanocrystal powders confirm the wurtzite structure.
The increase in the (0002) peak width with Al doping (Fig. 4.4) corresponds to about
a factor of two decrease in grain size from 30 nm to 15 nm as Al doping is increased
98

from 0.5 to 2 at.% (see Fig. 4.5(a)). In contrast, the (10 ̅ 0) peak width decreases
upon Al doping, but is insensitive to the extent of Al doping. In the hexagonal closed
packed ZnO crystal structure, the (0002) plane lies in parallel and (10 ̅ 0) plane lies
perpendicular to the alternating layers of Zn and O atoms. Therefore, the crystal
aspect ratio can be determined by the ratio of the crystallite sizes in the (10 ̅ 0) and
(0002) planes15. The inset of Fig. 4.5(a) shows a schematic representation of the two
planes in the ZnO wurtzite structure and the variation of the XRD lattice aspect ratio
with Al doping. The aspect ratio increases from 0.7 to 1.6 with increasing Al doping.
Similar behaviour was observed for In doped ZnO prepared through flame synthesis,
where actual formation of nanorods was observed for very high indium doping
concentrations15. These results indicate that Al doping decreases nanocrystal size and
promotes shape anisotropy (Fig. 4.5(a) inset). In accordance with the earlier reports
on the influence of oxygen concentration on the size and shape of nanocrystalline
ZnO, it seems that the elongated morphology in the present samples might have
occurred due to the variation in oxygen stoichiometry from the increased Al doping
level during microwave synthesis15.
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1 01 0

0002
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Figure 4.4 X-ray diffractograms of as-synthesized ZnO nanocrystal assemblies,
showing (0002) peak broadening with increasing Al content and corresponding
narrowing of the (10 ̅ 0) peak.

99

Optical absorption spectra (see Fig. 4.5(b)) from colloidal ZnO nanocrystal
solutions reveal a monotonic band-gap increase due to the Al doping, as reported for
non-nanostructured ZnO16 (see Fig. 4.5c). The band-gap increase is attributable to
quantum confinement-induced band-gap increase16, 17 and the Burstein-Moss effect.
The energy shift induced by the quantum confinement effect (ΔE QC) can be
calculated by the following equation17, 18:
(4.1)
Where, d is the particle size, 1/m = 1/me + 1/mh (with me and mh being the
electron and hole effective masses, respectively), and

is the dielectric constant. For

ZnO, the dielectric constant is 8.75, and the effective masses of electrons and holes
are 0.31m0 and 1.80 m0 respectively. Thus we obtain ΔEQC = 75.885 d-2(nm)2- 1.902
d-1(nm). The calculated quantum confinement effect ∆EQC increases to 0.21 eV upon
2 at.% Al doping. The Burstein-Moss contribution is significant at low doping levels,
e.g., ~0.35 < ∆EBM < ~ 0.45 eV for ≤ 0.5 at.% Al doping, but diminishes to ~ 0.04 eV
with increasing doping. In a heavily doped semiconductor, the donor electrons
occupy the states at the bottom of the conduction band, which results in the blocking
of the low energy transitions and an increase in the optical gap by a certain energy
known as the Burstein-Moss effect. Therefore, the blueshift observed for our samples
suggests that the highest carrier concentration is obtained from the 0.25at.% doped
sample. Furthermore, the absence of the redshifts is the characteristic of the
semiconductor-to-metal Mott transition19 in degenerately-doped ZnO imply subdegenerate doping in the Al-doped nanocrystals. While high carrier concentrations
favour high σ, the sub-degenerate carrier concentrations are conducive for high α, as
described later below.
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Figure 4.5 (a) Nanocrystal dimensions normal to the (10𝟏0) and (0002) planes as a
function of Al doping. Insets show a schematic representation of the ZnO unit cell,
illustrating the relative orthogonal orientation of the two crystallographic planes, and the
nanocrystal aspect ratios calculated from their relative peak widths as a function of Aldoping. (b) Optical absorption spectra from as-synthesized Al-doped ZnO nanocrystal
solutions, showing the shift in absorption band edge with Al-doping. (c) Plots of the
band-gap change (red circles, left axis), the quantum confinement contribution ∆EQC
(blue squares, right axis), and the Burstein-Moss contribution ∆EBM (green triangles,
right axis) to it, as a function of Al-doping.
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4.3.2

Characterization of bulk nanostructured pellets
Bulk nanostructured pellets with 90±3% theoretical density were fabricated

by cold-pressing of 0.3-2 g ZnO nanocrystals followed by sintering at 950 °C in air.
X-ray diffractograms from the pellets indicate the retention of the wurtzite structure,
but reveal the formation of secondary ZnAl2O4 phase for > 2 at.% Al doping (see
Fig. 4.6(a)). SEM and energy dispersive X-ray spectroscopy (EDX) measurements
show ZnAl2O4 precipitates for all Al-doping levels investigated, indicating that the
precipitate fraction for < 2 at.% Al-doping is below the XRD detection limit. A 13%
decrease in the (10 ̅ 0) spacing and < 1% change in the (0002) spacing, together with
a monotonic unit cell volume shrinkage (see Fig. 4.6(b)), with increasing Al-doping
point to substitutional dissolution of Al in the basal planes of Zn sites (Fig. 4.7).

Figure 4.6 (a) X-ray diffractograms (XRD) from sintered pellets of Al-doped ZnO
nanocomposites. Inset shows a zoomed-in version of the data from the dotted box with
arrows indicating peaks from ZnAl2O4. (b) The unit cell volume extracted from lattice
parameter refinement of the XRD, plotted as a function of Al content.
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Figure 4.7 Energy dispersive X-ray spectrum from the matrix of the ZnO
nanocomposite, showing the dissolution of Al in the ZnO lattice.

The Al-doped ZnO nanocomposite pellets consist of 1-10 μm ZnO grains
interspersed with ZnAl2O4 precipitates and nano-/micro-pores with sizes between 30
to 200 nm, as seen in the SEM micrographs (Fig. 4.8(a-b)). EDX spot analyses and
atomic number Z-contrast images showing Al enrichment at the nanoprecipitates
(Fig. 4.8(c-e)) corroborate ZnAl2O4 formation. TEM analyses of the Al-doped
nanocomposites, however, reveal that the grains seen in the SEM micrographs are
25-250 nm nanograins with an average size of ~65 nm (see Fig. 4.8(f)), which is
~30-35% smaller than in the undoped nanostructured ZnO pellets. Thus, Al doping
not only restricts the nanocrystal size during synthesis, but also inhibits grain growth
during sintering, likely by grain boundary pinning20. In many instances, we observe
5-20 nm nanograins inside larger grains (see Fig. 4.8(f) inset), probably due to
incomplete coalescence of nanocrystals during sintering.
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Figure 4.8 SEM micrographs from bulk ZnO nanocomposite pellets obtained by
assembly of ZnO nanocrystals with (a) 0.25 and (b) 1 at.% Al. Insets are highmagnification images with 2 μm scale bars. The red arrows in (b) indicate intergranular
porosity. The bright spots in the SEM image are ZnAl2O4 nanoparticles. (c) Atomic
number contrast SEM images using backscattered electrons from ZnO nanocomposites
with 1 at.% Al, with the dark spots corresponding to ZnAl2O4 nanoparticles. (d)
Representative EDX line scans of O, Zn, and Al Kα1 X-ray peaks obtained across a
ZnAl2O4 precipitate along the red line shown in the high-magnification SEM in (e). (f)
TEM image from a 10 μm grain showing tens of-nm-size intragranular nanograins. Inset
is a high-magnification TEM image of a ZnO nanocomposite (scale bar = 20 nm),
showing nanograins with shapes and sizes reminiscent of the as-synthesized nanocrystals.

4.3.3

Room temperature thermoelectric properties
The nanostructured pellets of undoped ZnO exhibit a room temperature

thermal conductivity κ300K ≈ 7 Wm-1K-1 (see Fig. 4.9a), which is more than sevenfold
lower than that of non-nanostructured ZnO5. Introducing Al doping decreases κ300K
further, by as much as an additional factor of ~5 to values as low as κ300K ≈1.5 Wm104

1

K-1, e.g., for 2 at.% doping. This value is comparable to that of the best-known

Bi2Te3-based thermoelectric chalcogenides and are the lowest reported for oxides.
This result amounts to about a factor-of-twenty lower κ300K for the ZnO
nanocomposite when compared to its non-nanostructured counterpart. We attribute
such a drastic decrease in κ to an actual drop in the value of κL, most likely coming
from increased phonon scattering at ZnO nanograins, ZnO/ZnAl2O4 boundaries,
porosity, and point defects. This is consistent with a very low κe estimated from the
Weidemann-Franz law5 (see below), and low phonon-phonon and phonon-electron
scattering contributions below the Debye temperature of ~420 K for ZnO8. The
thermal conductivity due to phonons (κl) is3
,

(4.2)

where, Wu, Wi, Wb, and We are the thermal resistance due to phonon-phonon
scattering, impurities, grain boundaries, and phonon-electron scattering, respectively.
In general, the effect of Wu on the total thermal resistance at room temperature is
very small. The intrinsically embedded ZnAl2O4 nanodispersion contributes to
increasing the other thermal resistance factors and hence reduces thermal
conductivity. Because of randomly distributed nanoscopic ZnAl2O4 in the ZnO
matrix, there is a large size distribution of ZnAl2O4 nanoparticles, which can
effectively scatter a wide phonon spectrum. These nano-inclusions also help in
inhibiting the grain growth by exerting a pinning pressure, which counteracts the
driving force pushing the grain boundaries during heat treatment, resulting in an
increased number of grain boundaries, which further increases the grain boundary
scattering. Therefore, significant reduction of κl caused by the enhanced nanopoint
defect scattering is an effective technique for reducing the overall thermal
conductivity of this system. This kind of in-situ nanostructuring has been reported as
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a potential approach for improving the thermoelectric properties of different systems
as well21, 22. Our conclusion is corroborated by the excellent agreement between the
measured κ300K and that calculated by a modified Debye-Callaway model23,
combined with a modified effective medium formulation24 that accounts for the
different scattering mechanisms via characteristic length-scale parameters verifiable
by microscopy. For example, inputting a 30 nm feature size for nanograins and/or
precipitates and 100 nm for pores yields κ300K ≈7.5 Wm-1K-1 for undoped
nanostructured ZnO. The model also reveals that nanostructuring accounts for more
than 80% of the κ diminution, while the 10±3% porosity accounts for the rest. The
contribution of the latter is similar to the ~15% κ diminution observed for nonnanostructured ZnO with nanopores. For the Al-doped ZnO nanocomposites, the best
fits are obtained when we invoke 0.5 - 20

1021 cm-3 point defects, suggesting that

the dissolved Al accounts for more than 75% of the additional κ300K decrease from
the thermal conductivity value of undoped nanostructured ZnO. Al-induced
nanograin refinement accounts for the remaining 25% of the additional decrease in
κ300K.
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Figure 4.9 Room temperature thermoelectric properties of ZnO nanocomposite
pellets as a function of Al-doping: (a) κ; the dotted red line represents the
modified Debye-Callaway model fit, (b) σ, n, and µe, and (c) α. (d) α (filled
circles) and power factor α2σ (open diamonds) plotted as a function of n. The solid
lines are the calculated plots for the charge carrier scattering parameter λ = ½,

⁄

and -½, denoting electron scattering from optical phonons, ionized impurities, and
acoustic phonons, respectively. The dotted α2σ line is only to guide the eye.

Undoped nanostructured ZnO pellets exhibit room-temperature electrical
conductivity in the 0.6 < σ300K < 1 Ω-1m-1 range. Adding 0.25 at.% Al leads to more
than a factor of hundred higher σ300K ≈ 350 Ω-1m-1, but further Al doping sharply
decreases σ300K to ~1 Ω-1m-1. This behaviour can be understood based on the
dependence of the electron concentration n and mobility μe, with Al doping. Hall
measurements show that n increases by three orders of magnitude to 2×1018 cm-3
upon 0.25 at.% Al doping, pointing to carrier excitation from shallow states25 below
the conduction band edge. Further doping, however, has little effect on n, with a
slight decrease due to ZnAl2O4 precipitation. We note that even the highest electron
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concentration in our nanocomposites is lower than the critical Mott density seen in
non-nanostructured Al-doped ZnO5. The lower σ300K in our Al-ZnO nanocomposites
than in non-nanostructured Al-ZnO5 is due to lower μe (see Fig. 4.9(b)) in the
nanocomposites because of high grain-/interface-boundary area and high-resistivity10
ZnAl2O4 nanoparticles. At room-temperature μe ≈37 cm2V-1s-1 for undoped ZnO,
irrespective of nanostructuring5, but μe sharply decreases with Al doping. Nanograinand ZnO/ZnAl2O4 interphase-boundaries26,

27

are the main electron scattering

mechanism in ZnO below the Debye temperature, and ionized impurity6 scattering is
significant only for n ≥ 1020 cm-3, as reported for non-nanostructured Al-doped
ZnO28.
Undoped nanostructured ZnO pellets exhibit a room-temperature Seebeck
coefficient α300K ≈ -500 μVK-1, similar to that of undoped non-nanostructured ZnO4.
For Al-doped ZnO nanocomposites, we measure -210 ≤ α300K ≤ -300 μVK-1 (see Fig.
4.9(c)), which are ~40-90% higher5 than the values for non-nanostructured Al-ZnO.
We theoretically calculated α300K from the Fermi-Dirac distribution and the Fermi
integral Fr, to assess the roles of carrier concentration and carrier scattering
mechanisms. In particular, we used
(

)

∫

(

[

(

)

(

)

(4.3)
(4.4)

)

]

(4.5)

where me is the electron effective mass29, kB the Boltzmann constant, and ξ the
chemical potential. The charge carrier scattering parameter6 λ is indicative of the
scattering mechanism, namely, due to the optical phonons (λ = ½), ionized impurities
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(λ =

⁄ ),

or acoustic phonons (λ=

). Our measured α300K values lie below the

theoretical values for all the above charge carrier scattering mechanisms (see Fig
4.9(d)), pointing to strong scattering from extended defects such as grain boundaries
and ZnO/ZnAl2O4 interfaces30, consistent with our earlier discussion on σ.

4.3.4

High temperature thermoelectric properties
Al-doped ZnO nanocomposite pellets exhibit room-temperature power factors

as high as α2σ300K ≈ 0.1810-4 Wm-1K-2, which are comparable4 to that reported for
non-nanostructured ZnO. The monotonic increase in the α2σ300K with electron
concentration n (Fig. 4.9(d)) suggests the possibility of further enhancing α2σ and ZT
by optimizing Al- doping at high electron concentrations n > 1018 cm-3. However, we
obtain remarkably high power factors above 800 K in the nanocomposites due to an
unexpected5 monotonic linear increase in  with increasing temperature (Fig.
4.10(a)), and an exponential increase in σ due to thermal excitation of carriers from
Al donor25 levels at ~57-250 meV below the conduction band edge (Fig. 4.10(b)).
For example, ZnO-0.25 at.% Al nanocomposite at 1000 K shows31 σ1000K = 8.4 × 103
Ω-1m-1 and α1000K =-315 µVK-1, yielding α2σ ≈ 8.3 × 10-4 Wm-1K-2, which is
comparable to ~8-15 × 10-4 Wm-1K-2 reported5 for non-nanostructured undoped
ZnO. Unlike non-nanostructured bulk Al-ZnO, our nanocomposite pellets show high
bulk-like power factors because the tenfold lower σ is compensated by a higher α.
We note that the high power factors above 800 K correlate with a switch from grain
boundary scattering to acoustic phonon scattering of charge carriers (see Fig.
4.10(a)). Manipulating this switching point by optimizing sub-degenerate doping32
could be a mean of further enhancement of power factor.
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Figure 4.10 Temperature dependence of (a) α and the power factor
α2σ, (b) σ and (c)  for ZnO nanocomposite pellets with 0.25 at.%
Al. The dotted red line in (a) represents the theoretical calculation for
acoustic phonon scattering of electrons (λ =-1/2). The dotted blue
line in (c) is the calculated lattice thermal conductivity L, and the
red square is the experimentally measured room-temperature .

For 0.25 at.% Al-doped ZnO nanocomposites, κ300K ≈ 3 Wm-1K-1, but we
expect κ to further decrease at high temperatures due to phonon-phonon scattering
and Umklapp processes. Using a modified Debye-Callaway model, as described
above, to extrapolate κ to 1000 K, we conservatively estimate that κ1000K ≈ 1.9 Wm1

K-1 at 1000 K for ZnO nanocomposites with 0.25 at.% Al (see Fig. 4.10(c)). Even

though the electronic contribution κe, estimated using a conservative Lorenz number
of 1.5  10-8 WK-2, increases with temperature due to the exponential increase in ,
κe amounts to only ~6% of 1000K at 1000 K, implying that   L. This leads to a
projected ZT ≈ 0.44, which is ~50% higher than the highest ZT obtained for nonnanostructured Al-doped ZnO at ≥ 1000 K.
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4.4 Conclusion
We synthesized bulk assemblies of Al-doped ZnO nanocrystals with
enhanced thermoelectric properties by rapid and scalable microwave-activated
aminolytic decomposition of zinc and aluminium salts. Al doping decreases
nanocrystal size and increases their aspect ratio, besides altering the electronic
structure of ZnO through Burstein-Moss and quantum confinement effects. Bulk
pellets obtained by cold-pressing and sintering of nanocrystals consist of ZnO
nanograins with ZnAl2O4 nano-precipitates, which lead to a several-fold decrease in
the thermal conductivity to ultra-low values ˗ as low as 1.5 W/mK at 300 K, which is
amongst the lowest reported for oxides. Non-degenerate carrier concentration at 300
K results in low electrical conductivity but ~40-90% higher values of the Seebeck
coefficient than non-nanostructured forms. However, both the Seebeck coefficient
and the electrical conductivity increase significantly with temperature, resulting in
large bulk-like power factors above 800 K. The resultant ZT ≈ 0.44 expected at 1000
K is more than 50% higher than that of the best non-nanostructured counterpart at the
same temperature.This work paves a path for obtaining high ZT in ZnO for low-cost
practical waste heat harvesting.
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CHAPTER 5
5 Microstructural, optical and thermoelectric
properties of In and Bi doped nanocrystalline ZnO
synthesized via the microwave mediated route

5.1 Preface
In this work, we synthesized indium and bismuth doped ZnO nanocrystals by
the same microwave mediated technique as described in Chapter 4. As microwave
conditions proved to be beneficial for the Al: ZnO system, it was therefore
interesting to investigate the influence of this synthesis method for fabrication of
samples with different dopant atoms. There are few reports in the literature based on
doping nanocrystalline ZnO with indium1-3, however, to the best of our knowledge,
the thermoelectric properties of these doped nanocrystals have not been studied yet.
It is important to mention, though, that homologous compounds in the (ZnO)mIn2O3
(m = integer) family, having a layered crystal structure, synthesized via solid state
reaction4, as well as thin films deposited by rf magnetron sputtering5, were reported
to have fairly good thermoelectric performances. Bismuth doping is also known to
affect the sintering behaviour6 and microstructure6-8 of ZnO, whereas, its effects on
the thermoelectric properties have not been studied before. Light atomic mass and a
non-complex crystal lattice structure are some of the reasons for the low
thermoelectric performance of the ZnO system. Therefore, it is interesting to
examine the influence of a heavy element such as Bi on the thermoelectric properties
of ZnO. Heavy element doping has been reported as beneficial for improving the
thermoelectric performance of other systems as well9, 10. Bismuth has been reported
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as a donor in doped ZnO nanowires11, whereas, in other reports, Bi doping was found
to induce acceptor states in ZnO12. In this Chapter, the results of indium and bismuth
doping on the thermoelectric properties of ZnO are reported.

5.2 Experimental
Zinc acetate (Zn(O2CCH3)2), 99.99%, bismuth acetate ((CH3Co2)3Bi), indium
chloride

(InCl3),

1,5-pentanediol

(95%),

and

oleylamine

(CH3(CH2)7CH=CH(CH2)8NH2) were obtained from Sigma Aldrich and used without
further purification. In-doped, Bi-doped, and undoped ZnO nanocrystals were
synthesized using the following recipe for a typical small-scale synthesis: In a round
bottom flask 3 g zinc acetate (~0.016 mol) and 500 µl oleylamine were added to 10
ml of 1,5-pentanediol and sonicated for 5 minutes. For preparation of doped samples,
the required amounts of bismuth acetate/indium chloride corresponding to 0.25, 0.5,
1, and 2 at.% dopant concentration were added to the solution. The mixture was then
irradiated at 200 °C in a microwave oven (2.45 GHz, Discover, CEM, USA). A
series of experiments were performed to optimize microwave assisted synthesis
conditions, e.g. irradiation time and microwave dose. These experiments revealed
that >16 kJ/g was found to be optimal setting to produce pure and crystalline ZnO
nanoparticles with narrow size distribution. Thereafter, the same conditions were
utilized for all subsequent syntheses. Pure ZnO suspension as obtained after
synthesis was milky white, whereas the In-doped ZnO suspensions were light bluish
in colour and the Bi-doped ZnO suspensions were yellow in colour. Then, the final
nanoparticles were extracted by centrifugation and sonication in alcohol and dried in
a fume hood overnight.
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Bulk

nanostructured

pellets

were

fabricated

by

cold-pressing

the

nanocrystalline powders under a pressure of 8 metric tons into disks 0.25 inch in
diameter and 2-3 mm in thickness. All pellets were sintered in air at a constant
heating rate of 3°/min up to 950 °C, followed by a dwell time at 950 °C for 3 hours.
The pellets were then cooled to room temperature at a rate of 4°/min. The assynthesized nanocrystals and sintered pellets were characterized using X-ray
diffraction (XRD) (GBC MMA diffractometer with a Cu-Kα radiation source (λ =
0.154 nm)) scanning and transmission electron microscopy (SEM and TEM), and
electron diffraction. The morphology and structures of nanocrystals were determined
using a field-emission Zeiss Supra 55 SEM operated at 1-5 kV, a Philips CM 12
TEM operated at 120 kV, and a JEOL 2010 TEM operated at 200 kV. Optical
spectroscopy was performed using a Cary 6000i ultraviolet−visible−near-infrared
(UV-VIS-NIR) spectrophotometer.
Room-temperature electrical conductivity and Hall measurements on the
sintered pellets were carried out using the van der Pauw four point probe technique.
A steady state technique (Ch. 2, Section 2.3.2) was used to simultaneously measure
room-temperature thermal conductivity and the Seebeck coefficient of the sintered
samples. High temperature measurements of the Seebeck coefficient and electrical
conductivity were conducted by the static DC method (ULVAC ZEM-3, USA) with
temperature gradients of 20 ºC, 30 ºC, and 40 ºC.
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5.3 Results and Discussions
5.3.1

Synthesis and characterization of doped ZnO nanoparticles
ZnO nanocrystals were synthesized by a rapid and scalable microwave-

activated thermal decomposition of zinc salts in the presence of oleylamine as
surfactant. In the case of the microwave mediated reaction, the fast heating increases
the net heating rate early in the process, which makes ZnO crystal growth very
sensitive to the microwave dose13. In order to obtain pure nanocrystals with narrow
particle size distribution and high yield, optimization of the microwave dose was
performed initially. Microwave exposure of 4 min, corresponding to a microwave
dose of ~48 kJ/g resulted in pure ZnO nanocrystals with average size davg ≈ 29 nm.
For the In doped ZnO nanocrystals, the average particle size obtained was d avg ≈ 32
nm, irrespective of the doping concentrations. However, in case of Bi doping, we
obtained nanocrystals with davg ≈ 18 nm for doping levels ≤ 0.5 at.% and davg ≈ 42
nm for higher Bi doping levels. It is clear from Fig. 5.1 that the shape and size of the
ZnO nanoparticles are dependent on the type of dopant. Pure ZnO nanoparticles
appear spherical in shape (Fig. 5.1(a)), whereas, with indium doping, they acquire a
more triangular appearance (Fig. 5.1(b)). The average particle size for both pure and
indium doped samples remains almost the same. On the other hand, bismuth doping
results in formation of spherical nanocrystals with a much reduced particle size,
which increases with increasing Bi doping levels (Fig. 5.1(c-d)). Furthermore, for Bi
doping levels ≥ 1at.% the shapes of the nanocrystals become non-homogeneous and
are no longer spherical.
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Figure 5.1 SEM micrographs of as prepared (a) pure ZnO nanocrystals, and ZnO
nanocrystals doped with (b) 1 at.% indium, (c) 0.5 at.% Bi, and (d) 1 at.% Bi.

Fig. 5.2(a-b) presents the optical absorption spectra of colloidal ZnO
nanocrystals doped with In and Bi, respectively. The absorption edge constantly
moves towards lower wavelength for In doping, indicating an increase in the band
gap (see Fig. 5.2(c)). It is evident that the blueshift increases with increasing In
doping level, but such a trend could not be established for the Bi doped samples. This
blueshift can be explained by quantum confinement and the Burstein-Moss effect14,
15

. The energy shift induced by the quantum confinement effect (ΔEQC) can be

calculated by assuming a dielectric permittivity of 8.75, and electron and hole
effective masses of 0.38m0 and 1.80 m0, respectively15. The value of ΔEQC for the In
doped samples was calculated to be 10 meV which accounts for ≤ 10% of the total
blueshift observed. This implies that the blueshift can be primarily attributed to the
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Burstein-Moss effect, which is expected for indium doped ZnO16. The absence of
redshifts, characteristic of the semiconductor-to-metal Mott transition16 in
degenerately-doped ZnO, implies sub-degenerate doping in the In-doped
nanocrystals. The Mott critical density for the semiconductor-metal transition is
known to be inversely proportional to the cube of the effective Bohr radius of the
donor17. The absence of any redshift indicates that the carrier concentration in our asprepared indium doped ZnO nanocrystals remains below ~ 5 × 1019 cm-3, which is
also confirmed through Hall measurements, as discussed later in the Chapter. In the
case of Bi-doped samples, the calculated ΔEQC was 103 meV for doping content ≤
0.5 at.% and 22 meV for doping content > 0.5at.%, accounting for almost 100% of
the blueshift observed in the Bi doped samples. This in fact suggests that carrier
confinement was the major cause of the blueshift.

Figure 5.2 Optical absorption spectra from as-prepared (a) bismuth and (b) indium
doped ZnO nanocrystal solutions showing the shift in absorption band edge with
doping. (c) Plots of the band-gap change as a function of indium and bismuth doping
levels.
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5.3.2

Characterization of bulk pellets
Nanoparticle powders were sintered at 950 °C for 3 hours to produce bulk

pellets with 90±3% theoretical density. About 23% shrinkage of the green compact
was observed after sintering, which indicated that most of the pores in the samples
were eliminated. One of the advantages of small particle size is that it increases the
driving force for sintering (due to large surface area) resulting in high shrinkage rates
at relatively low temperatures (< 1000 °C), resulting in a dense body without much
apparent increase in particle size18. The X-ray diffraction patterns of Bi and In doped
sintered samples reveal the existence of single phase ZnO with hexagonal wurtzite
crystal structure (Fig. 5.3(a-b)). No peaks corresponding to any impurity phases were
detected by the XRD. For the In-doped ZnO, the (0002) peak exhibits a reduction in
intensity for only 1 at. % dopant concentration and also shows pronounced
broadening with increasing dopant concentration. This is very different from what
has been observed for Bi-doped ZnO samples. The crystallite size, obtained using
Scherrer’s formula in the (0002) plane, decreased by a factor of 3 from 100 nm to 34
nm as the indium concentration increased from 0 to 2 at. %. The crystallite size from
the (10 ̅ 0) peak decreased slightly from 77 nm to 60 nm with the addition of 2 at. %
dopant. In contrast, the crystallite size for Bi-doped ZnO increased with increasing
dopant concentration from 100 nm to 120 nm for the (0002) peak, and from 77 nm to
107 nm for the (10 ̅ 0) peak as the dopant concentration increased from 0 to 2 at%. In
addition, the unit cell volume expansion with increasing dopant content indicates
incorporation of the dopants into the lattice, which is also consistent with the fact that
the atomic radii of indium and bismuth ions are larger than that of zinc.
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Figure 5.3 X-ray diffractograms (XRD) from sintered pellets of (a) Bi-doped and (b) Indoped ZnO, showing the three most prominent peaks. The arrows indicate the change in
the full width at half maximum of the (0002) peak as a function of doping level. (c) The
unit cell volume extracted from lattice parameter refinement of the XRD patterns, plotted
as a function of doping level.

For ZnO pellets, we observed 5-20 nm nanograins inside the larger grains,
probably due to incomplete coalescence of nanocrystals during the sintering phase. It
is evident from the XRD that both dopants affect particle growth of ZnO during
sintering. In doping not only resulted in the reduction of grain size, but also increased
the porosity of the samples when the doping level exceeded 1 at.%, whereas, Bi
doping enhanced the grain growth (Fig. 5.4(b-c)). According to the literature6, 19, the
increase in grain size is a result of microstructure development during liquid phase
sintering. It has been suggested that Bi2O3 melts at the initial stage of sintering and is
redistributed between ZnO particles, forming liquid bridges. Grain growth is
enhanced by material transport assisted by the liquid phase. This suggests the
presence of Bi2O3 in our as-prepared Bi-doped ZnO nanoparticles which might have
resulted in liquid phase sintering. However, no traces of Bi2O3 were detected in the
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XRD analysis. Bi addition also resulted in the segregation of Bi at selected grain
boundaries, which increased with doping levels, consistent with the earlier reports8,
20

. It is important to note that for our samples, Bi segregation appeared for doping

levels higher than 0.5 at.%. The colour contrast difference on energy selective
backscattered electron (ESB) analysis (Fig. 5.4(d)) and the elemental mapping of Bi
obtained by SEM equipped with energy dispersive X-ray diffraction (EDX) (Fig.
5.4(e)) clearly indicates the presence of excess Bi at grain boundaries. Fig. 5.4(f)
presents a line scan of the Bi 1at.% doped sample, showing the intensity of the
characteristic x- rays over the positions along the line. The red line in Fig 5.4(e)
shows the path along which the line scans were taken. It was found that grain
boundaries are deficient in Zn and O, but appear to have excess Bi, which further
confirms Bi segregation at ZnO-ZnO grain boundaries.
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Figure 5.4 (a) SEM micrographs from (a) undoped ZnO pellets (b) In 1 at.% doped, and
(c) Bi 1 at% doped ZnO pellets. (d) Atomic number contrast SEM image using
backscattered electrons from Bi 1 at.% doped ZnO, with the lighter area near the grain
boundaries corresponding to excess Bismuth. (e) Elemental map of Bi obtained by EDX
showing Bi segregation at grain boundaries. (f) Representative EDX line scans of O
Kα1, Zn Kα1, and Bi Mα1 X-ray peaks obtained across a grain boundary along the red
line shown in (e).

5.3.3

Thermoelectric properties of In-doped ZnO
The pellets of undoped ZnO exhibit a room temperature thermal conductivity

κ300K ≈ 7 Wm-1K-1 (see Fig. 5.5(a)), which is more than a factor of seven lower than
that of non-nanostructured ZnO21. Such low κ can be attributed to the increased
phonon scattering at nanograin boundaries and porosity, as predicted from the
modified Debye-Callaway model22. Generally, boundary scattering is dominant at
low temperatures, and both the phonon-phonon scattering and impurity scattering
dominate at temperatures above the Debye temperature of ~400 K for ZnO23.
Introduction of indium causes an almost linear decrease in thermal conductivity to as
low as κ300K ≈ 5.28 Wm-1K-1 due to a further reduction in particle size and increase in
porosity with increasing In doping level. Impurity scattering is also believed to have
contributed towards low thermal conductivity values.
Fig. 5.5(b) shows how the electrical conductivity (σ), Hall mobility (µ), and
carrier concentration (ne) of In:ZnO depends on indium content ranging from 0 to 2
at.%. Electrical conductivity increases with increasing In doping level, from 1.06 Ω1

m-1 for undoped ZnO to 1.047 × 103 Ω-1m-1 for 0.5 at. % doped ZnO. However,

further increase of indium content reduces electrical conductivity. Electrical
conductivity of In-doped ZnO is strongly dependent on various factors, such as
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indium doping concentration, intrinsic defects, concentrations of indium atoms at
substitutional and interstitial sites, and various scattering centres. Upon introducing
indium into ZnO, indium ionizes as In3+ and replaces Zn2+. The electronegativity of
indium (1.78) is very close to that of zinc (1.65), due to which, the localization of
conduction electrons by indium is very small. Therefore, the carrier concentration
increases initially with doping and reaches a maximum (4.1 × 1018 cm-3) for 0.5 at.%
doped, which can be considered as the solubility limit for indium in ZnO. When the
indium concentration exceeds 0.5 at.%, dopant atoms produce some neutral defects
which do not contribute towards conductivity and result in a drop in the free electron
density. Carrier concentration as obtained from the Hall measurements is consistent
with the band-gap values, as they also suggested the carrier concentration to be less
than the critical density of ~ 1019 cm-3.
The decrease in conductivity for higher doping levels is also due to the
decrease in carrier mobility (Fig. 5.5(b)). Mobility gradually decreases from 37
cm2/V∙s to 3.12 cm2/V∙s with increasing In-doping level. Mobility behaviour can be
associated with the decrease in grain size with doping, which increases the grain
boundary scattering. To understand the scattering mechanism in In-doped ZnO in
detail, a theoretical calculation of the Seebeck coefficient was carried out using the
Fermi-Dirac distribution function (See Chapter 4, Section 4.3.3 for equations). Fig.
5.5(d) shows the calculated Seebeck coefficient as a function of the carrier
concentration together with the experimental results. The curve calculated with λ =
3/2 deviates the most from the experimental results. This is understandable, as
ionized impurity scattering is the main scattering mechanism for highly degenerate
semiconductors24 in the range of ne ≥ 1020 cm-3, whereas, our carrier concentrations
are below this limit. This result rules out the possibility of ionized impurity scattering
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as the dominant scattering mechanism for our In-doped ZnO. In case of λ = 1/2, the
calculated curve is in good agreement with the experimental value in the range of
carrier concentration above 1018 cm-3. Thus, phonon scattering governs the scattering
mechanism for higher carrier concentrations. Scattering by optical phonons has been
reported as the dominant scattering process in the layered ZnO:In system as well5, 25.
Furthermore, for carrier concentration between 1017 cm-3 and 1018 cm-3,
corresponding to the samples with In- doping levels higher than 0.5 at.%, the
experimental values lie below the theoretical values for all the above charge carrier
scattering mechanisms. This result is pointing to the strong scattering from extended
defects such as grain boundaries. The grain boundary scattering increases with
decreasing grain size and increasing porosity26. Grain boundary scattering increases
with smaller grains and higher porosity. Samples with higher doping concentrations
(1 at.% and 2 at.% In) have smaller grain sizes. Also, high porosity levels in these
samples can result in chemisorption of oxygen, resulting in increased barrier height,
which further lowers the mobility. Higher doping levels also result in an increased
number of neutral impurity scattering centres, which might also contribute towards
loss of mobility.

128

b

Figure 5.5 Room temperature thermoelectric properties of In-doped ZnO pellets as
a function of In-doping: (a) κ; (b) σ, n, and µ; and (c) α. (d) α plotted as a function
of n. The solid lines are the calculated plots for λ = ½,

⁄

, and -½, denoting electron

scattering from optical phonons, ionized impurities, and acoustic phonons,
respectively.

Fig. 5.5(c) shows a plot of the Seebeck coefficient as a function of In-doping
level. All the doped samples exhibit high values of the absolute Seebeck coefficient
for doped ZnO, with the maximum being -326 µVK-1. This is due to the combined
effect of low carrier concentration (< 1019 cm-3) and smaller particle size27, 28. The
Seebeck coefficient of our In-doped samples is much higher compared to the earlier
reported values for the doped ZnO system5, 21, 29. The highest power factor at room
temperature, 0.79 × 10-4 Wm-1K-2, is obtained for 0.5 at.% doped ZnO. This value is
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comparable to or even greater than that reported for the ZnO system at room
temperature5, 21, 29. However, we obtain a remarkably high power factor above 800 K,
mainly due to an exponential increase in electrical conductivity σ due to the thermal
excitation of carriers at high temperatures and also due to the high Seebeck
coefficient α. For instance (Fig. 5.6), the 0.5 at.% In- doped ZnO pellet at 1000 K
exhibits σ1000K = 1.434 × 104 Ω-1m-1 and α1000K = -293 µVK-1, giving us α2σ ≈
12.3×10-4 Wm-1K-2, which is in the range of the highest power factors reported for
the ZnO oxide system.

Figure 5.6 Temperature dependence of (a) α and the power factor α2σ
,and (b) σ for ZnO doped with 0.5 at.% In.
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5.3.4

Thermoelectric properties of Bi-doped ZnO
Fig. 5.7(b) presents the electrical properties of Bi-doped ZnO. With a small

amount (0.25 at.%) of Bi doping, the Bi acts as a donor and increases the carrier
concentration from the undoped value of 1.68 × 1015 cm-3 to 7.3 × 1016 cm-3. The
increase in carrier concentration indicates Bi substitution into the Zn sites to form
BiZn which acts as a donor, hence releasing electrons11. Also, even if the Bi atom
resides in the grain boundary at low impurity concentrations, Bi donates a significant
fraction of its p-electrons to the neighbouring O atoms, and thus they also act as
donors7. On the other hand, as discussed earlier, the optical band-gap results do not
show any indication of the Burstein-Moss effect in these samples, which makes it
hard to prove that the increase in carrier concentration for low Bi content is due to
the Bi3+ substitution for Zn2+. There is a possibility that Bi doping affects the energy
levels of the oxygen vacancies, as a result of which charge carriers are produced30. A
dramatic reduction in carrier concentration is observed when the Bi concentration is
increased beyond 0.25 at.%. For higher Bi concentrations, Bi Zn might not exist in
isolation anymore but be combined with other point defects, forming defect
complexes such as BiZn-Zn vacancies or BiZn-VZn-Oi, which then predominate over
the contribution from BiZn. These defects induce shallow acceptor states as per first
principles12, 31, although, p-type conductivity cannot be obtained, as the number of
acceptor states cannot exceed the number of existing electrons in the conduction
band12. This effect is similar to P-doping32 and Sb-doping33 in ZnO.
The measured Seebeck coefficient of Bi-doped ZnO (-484 µV/K to -529
µV/K) is very high compared to the other bulk ceramics (see Fig. 5.7(c)). For Bi
doping, carrier concentrations are very low, and thus the contribution from holes, as
well as the presence of shallow acceptor states, should be responsible for the higher
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thermopower. The thermal conductivity (κ) plot (Fig. 5.7(a)) shows its clear
dependence on the Bi doping level. Thermal conductivity increases initially up to the
0.5at% doping level, probably due to the increase in particle size and the reduction in
grain boundaries. However, with further increase in Bi doping, the thermal
conductivity gradually decreases from 8.1 Wm-1K-1 to 6.08 W/mK. Thermal
conductivity in the ZnO system is primarily governed by phonons (κ L), and the
contribution from carriers (κe) can be treated as negligible. Therefore, we speculate
that the reduction in κ is due to increased phonon scattering. Bi-doped ZnO has a low
concentration of conduction electrons, so electron-phonon scattering can be ruled out
as a dominant scattering mechanism. Point-defect scattering should become
dominant in this case due to the large atomic mass difference and atomic size
difference of the impurity element34. Defect complexes that Bi tends to form with the
other point defects, such as zinc vacancies or oxygen interstitials at higher doping
levels, should also act as scattering centres for phonons, thus reducing thermal
conductivity. These results show that doping with a heavy element can be beneficial
for improving the thermoelectric performance of ZnO, however, the inefficiency of
the substitution of the dopant element into the Zn site needs to be resolved as well.
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Figure 5.7 Room temperature thermoelectric properties of Bi-doped ZnO
pellets as a function of Bi-doping: (a) κ (b) σ, n and µe, and (c) α.

5.4 Conclusion
Indium and bismuth doped ZnO nanocrystals were prepared using the
microwave mediated technique. The impact of the two dopant elements on ZnO was
analysed in terms of the microstructure, and the optical and thermoelectric properties.
Indium, as a group III element, is easily substituted for Zn, producing an increase in
carrier concentration of about three orders of magnitude. The high Seebeck
coefficient and reasonable electrical conductivity lead to a high power factor of 0.79
× 10-4 Wm-1K-2 at room temperature and 12.3 × 10-4 Wm-1K-2 at 1000 K. Also, owing
to the increased porosity due to In doping, a decrease of ~25% was observed in the
thermal conductivity values as compared to the pure ZnO. Bi doping, on the other
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hand, also proved to be a promising dopant, however, the difficulty of efficient
substitution of Bi atoms for Zn needs to be resolved. Bi is reported to form defect
complexes such as BiZn-Zn vacancies or BiZn-VZn-Oi, which result in decreased
carrier concentration. Consistent with the difficulty of Bi substitution into the Zn site,
the highest carrier concentration measured was 7.3 × 1016 cm-3 for 0.25 at.% Bi
doped ZnO, which is only an order of

magnitude higher than for pure ZnO.

However, a huge Seebeck coefficient with values in the range of -484 µV/K to -529
µV/K compensated the low electrical conductivity to some extent.
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CHAPTER 6
6 Thermoelectric properties of co-doped ZnO: Zn1-xyAlxInyO with in situ ZnAl2O4 nano-inclusions

6.1 Preface
This study is continuation of Chapters 4 and 5. In Chapter 4, aluminium
doping was shown to be very useful in enhancing the figure of merit (ZT) due to the
formation of ZnAl2O4 secondary phase nano-inclusions. These nano-inclusions were
mainly responsible for decreasing the thermal conductivity of the Al:ZnO system
while still maintaining a bulk-like power factor. In Chapter 5, we introduced indium
doping into the ZnO system, and it proved to be even more beneficial for the power
factor values, however, due to the absence of nano-inclusions in the In:ZnO system,
the thermal conductivity values were ~40 - 60 % higher than for the Al:ZnO system.
Therefore, it was interesting to investigate the presence of both dopants, indium and
aluminium together in the ZnO system. Here, we report new progress in the
thermoelectric performance of nanostructured ZnO, achieved by employing indium
as a co-dopant with Al. There are not many reports on the thermoelectric properties
of dually doped ZnO in the literature1, 2, and it is therefore interesting to investigate
the thermoelectric prospects of Al/In co-doped ZnO with in situ ZnAl2O4 nanoinclusions.

6.2 Experimental
Zinc acetate (Zn(O2CCH3)2), 99.99%, aluminium acetate [Al(C2H3O2)2OH],
indium

chloride

(InCl3),

1,5-pentanediol
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(95%),

and

oleylamine

(CH3(CH2)7CH=CH(CH2)8NH2) were obtained from Sigma Aldrich and used without
further purification. Al/In co-doped ZnO nanocrystals were synthesized using the
following recipe for a typical small-scale synthesis: in a round bottomed flask, 3 g
zinc acetate (~0.016 mol) and 500 µl oleylamine were added to 10 ml 1,5pentanediol and sonicated for 5 minutes. For preparation of doped samples, the
required amounts of aluminium acetate/ indium chloride corresponding to the dopant
concentration were added to the solution. The mixture was then irradiated at 200 °C
in a microwave oven (2.45 GHz, Discover, CEM, USA) using a microwave dose
corresponding to >16 kJ/g. For thermoelectric measurements, as prepared
nanocrystals were compacted, pressed, and sintered in air at 950 °C/ 3 hours. The
pellets were then cooled to room temperature at a rate of 4°/min.
The as-synthesized nanocrystals and sintered pellets were characterized using
X-ray diffraction (XRD) (GBC MMA diffractometer with a Cu-Kα radiation source
(λ = 0.154 nm)) scanning and transmission electron microscopy (SEM and TEM),
and electron diffraction. Nanocrystal morphology and structure, as well as the
nanostructure of sintered pellets, were determined using a field-emission Zeiss Supra
55 SEM operated at 1-5 kV, a Philips CM 12 TEM operated at 120 kV, and a JEOL
2010 TEM operated at 200 kV. Optical spectroscopy was performed using a Cary
6000i ultraviolet−visible−near-infrared (UV-VIS-NIR) spectrophotometer.
Room-temperature electrical conductivity and Hall measurements of the
sintered pellets were carried out using the van der Pauw four-point probe technique.
A steady state technique (Ch. 2, Section 2.3.2) was used to simultaneously measure
room-temperature thermal conductivity and the Seebeck coefficient of the sintered
samples. High temperature measurements of the Seebeck coefficient and electrical
conductivity were conducted by the static DC method (ULVAC ZEM-3, USA) with
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temperature gradients of 20 ºC, 30 ºC, and 40 ºC. Measurement uncertainties were
1%, 1%, 5%, and 7% for , , , and ZT, respectively.

6.3 Results and Discussions
6.3.1

Synthesis and Characterization
Two sets of samples with different compositions were synthesized for this

study. One set consisted of total doping levels below 1 at.% while the other set
consisted of doping levels ≥ 1 at.%. Tables 6.1 and 6.2 represent the sets of samples
discussed in this Chapter.
Table 6.1 Stoichiometry and corresponding sample names for the different In and Al doping
level,s with total doping level < 1 at. %.

Zn1-x-yAlxIny

Sample Name
A025

y=0
x=0.0025

Zn0.9975Al0.0025O
y=0.0025

A025I025

Zn0.995Al0.0025In0.0025O
A025I05

y=0.005
Zn0.9925Al0.0025In0.005O

140

Table 6.2 Stoichiometry and corresponding sample names for the different In and Al doping
levels, with total doping level ≥ 1 at. %.

Zn1-x-yAlxIny

Sample Name
A1

y=0
x=0.01

Zn0.99Al0.01O
A1I05

y=0.005
Zn0.985Al0.01In0.005O

A1I15

y=0.015
Zn0.975Al0.01In0.015O

I1

x=0
y=0.01

Zn0.99In0.01O
I1A05

x=0.005
Zn0.985Al0.005In0.01O

I1A15

x=0.015
Zn0.975Al0.015In0.01O

Fig. 6.1 shows the SEM micrographs of as prepared ZnO nanocrystals with
the total doping level < 1 at.%. The average particle size decreases with increasing
doping level from davg of ~ 29 nm for A025 to davg of ~ 21 nm for I025A025 and davg of ~
19 nm for A025I05.
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Figure 6.1 SEM micrographs of as prepared ZnO nanocrystals doped with (a) 0.25
at. % Al (A025) (b) 0.25 at.% Al and 0.25 at.% In (I025A025) and (c) 0.25 at.% Al and
0.5 at.% In (A025I05).

Fig. 6.2(a) and (b) presents optical absorption spectra of co-doped ZnO
nanocrystals with total doping level < 1at.%. The optical band gap increases with
increasing doping level (as expected)3, 4, however, the increase is not significant. For
the nanocrystalline ZnO, the quantum confinement effect and the Burstein- Moss
effect can play an important role in the shift of the optical band gap5, 6. The energy
shift induced by the quantum confinement effect (ΔEQC) can be calculated by the
following equation7, 8:
(6.1)

142

where, d is the particle size, 1/m = 1/me + 1/mh (me and mh being the electron and
hole effective masses, respectively), and

is the dielectric constant. For ZnO, the

dielectric constant is 8.75, and the effective masses of electrons and holes are 0.38
m0 and 1.80 m0, respectively. Thus, we obtain ΔEQC = 75.885 d-2 − 1.902 d-1. From
Eq. (6.1), the values of ΔEQC are calculated to be 0.024, 0.0814, and 0.11 eV for the
pure A025, I025A025, and A025I05 samples, respectively. The contribution of the relative
blueshift from quantum confinement between un-doped and doped samples is as low
as 25% for the A025 sample and increases up to 68% for I025A025 and 78% for A025I05.
This implies that the blueshift can be primarily attributed to the quantum
confinement effect for low doping levels (< 1at.%). In a heavily doped
semiconductor, the donor electrons occupy the states at the bottom of the conduction
band, which result in the blocking of the low energy transitions and an increase in the
optical gap by a certain energy known as the Burstein-Moss effect. Therefore, the
blueshift observed for our samples suggests that the highest carrier concentration is
obtained from the A025 sample, as with increasing In-doping level the Burstein Moss
effect becomes lower. This result is similar to the one obtained for individual Al
doping in ZnO (Chapter 4, Fig. 4.5).
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Figure 6.2 Optical absorption spectra from as- prepared nanocrystals having total
doping levels < 1at.% with (a) constant Al doping level (0.25 at. %) and (b)
constant In doping level (0.25 at. %), showing the shift in the absorption band edge
with co-doping. Insets in the two figures present the values of the band gaps for the
respective samples.

Fig. 6.3(a) and (b) presents the optical absorption spectra of co-doped ZnO
nanocrystals with total doping level ≥ 1at.%. The optical band shift is higher for
these samples as compared to the low doped samples (< 1at.%), reaching the highest
value of 0.32 eV for A1I15. Moreover, the average particle size of all the as-prepared
samples for ≥ 1at.% is ~ 20 nm (see Fig. 6.3(c)) and does not vary with varying
doping level. Therefore, it appears that the major contribution to the blueshift for
these samples comes from Burstein-Moss effect and not from quantum confinement.
According to the literature, a sudden redshift appears in very heavily doped ZnO,
indicating a semiconductor-metal transition9, 10. Merging of the donor and conduction
bands at such high impurity densities, also known as the Mott critical density, results
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in sudden narrowing of the band gap. No such redshift is observed for our samples,
which indicates that the carrier concentration in our as-prepared co-doped samples
never exceeds Mott’s critical density, a result similar to that reported for single
doped samples, i.e. Al doped (Chapter 4) and In doped (Chapter 5).

Figure 6.3 Optical absorption spectra from as- prepared nanocrystals
having total doping levels ≥ 1at.% with (a) constant In doping level (1
at. %) and (b) constant Al doping level (1 at. %), showing the shift in
absorption band edge with co-doping. Insets in the two figures present
the values of the band gaps for the respective samples. (c) SEM
micrograph of as-prepared A1I15.
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Fig. 6.4(a) and (b) shows the XRD patterns of co-doped ZnO samples
containing ≥ 1 at.% doping. The intensity of the peaks shows an increase with
increasing doping level, which suggests that crystallinity of the samples is improved
with increasing doping level. Also, in the case of co-doping, for samples with higher
In doping levels i.e. for samples I1A05, A1I15, and A025I05 (see Figs. 6.4 and 6.5), an
increase in the (0002) peak intensity is observed, where it becomes even higher than
for the (10 ̅ 0) orientation, while the (10 ̅ 1) orientation still remains the dominant
one. This shows that for higher indium content, the crystallite does undergo a
reorientation, with the (0002) orientation preferred and the (10 ̅ 0) peak intensity
decreasing. However, this effect was observed only for co-doped samples and does
not appear in single doped samples (see previous Chapters). Fig. 6.4(c) presents the
dependence of the unit cell volume on doping level. For the Zn0.99-yAl0.01Iny set of
samples (with constant Al content), the unit cell volume first decreases from the
pure value

= 47.76428 Ǻ3 to

= 47.7608 Ǻ3 and

= 47.70268 Ǻ3 and then increases to

= 47.7608 Ǻ3 due to indium doping. This result is

expected due to the smaller ionic radius of Al+3 and the larger ionic radius of In+3 as
compared to Zn+2 ions.
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Figure 6.4 XRD patterns of sintered pellets of Al/In co-doped ZnO for doping
level ≥ 1at.% with (a) constant In doping level, and (b) constant Al doping
level. (c) The unit cell volume extracted from the lattice parameter refinement
of the XRD is plotted as a function of the total doping content.

In the case of the Zn0.99-xAlxIn0.01 set of samples (with constant In content),
the unit cell volume first increases and reaches the highest value of
Ǻ3, and then decreases with increasing Al content to

= 47.81

= 47.7616 Ǻ3. This

result reveals the substitution of donor atoms in the zinc site, which will also be
proved by the increase in carrier concentration (see discussion below). It is important
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to note that co-doping increases the solubility limit of both donor atoms in the ZnO
system, which was ≤ 0.5 at.% for individual Al or In doping, as studied in Chapters 4
and 5. Ohtaki et al. also reported that the solubility of Al in ZnO was extended by codoping with Ga1. Low doping levels (< 1 at.%), however, do not show any
considerable unit cell volume variation with

= 47.74 Ǻ3 and

=

47.764 Ǻ3. The decrease in unit cell volume of A025I025 can be explained by the
presence of strain effect rather than the doping effect itself. The observed peak
splitting of the ZnO XRD peaks (Fig. 6.5) for the A025I025 sample may be due to the
high strains, which increase defect densities and result in distortion of the lattice
structure. It seems that Al and In atoms do not substitute into Zn sites. Moreover,
they exert a compressive stress on the ZnO lattice structure, resulting in a decrease in
the unit cell volume as well as peak splitting. This effect is more common for thin
films and multilayer systems11. The evidence of this will be further supported by the
observations of electrical properties for these samples, which are discussed later in
the Chapter.

Figure 6.5 XRD patterns of sintered pellets of Al/In co-doped ZnO for
doping level < 1 at.%.
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The SEM micrographs in Fig. 6.6 show the change in the microstructure and
morphology of the co-doped samples with total doping content ≥ 1at.%, having a
constant Al content (1 at.%) and varying In content. At first, the grain size decreases
with Al doping alone (sample A1, Fig. 6.6(b)), but it increases slightly when the
sample is doped with In, i.e., for samples A1I05 and A1I15. Also, it should be noted
that In addition in the Al 1 at.% doped ZnO, reduces the formation of ZnAl2O4
secondary phase, which is clearly identified in the SEM micrographs. With only 0.5
at.% In doping (sample A1I05), phase segregation of ZnAl2O4 nano-inclusions is
observed (Fig. 6.6(c)), where some areas in the sample show an excess of ZnAl 2O4
nanoparticles (Fig. 6.6(d)), and the rest of the sample is completely free from the
secondary phase (Fig. 6.6(e)). However, on increasing the In doping level further,
i.e., as in sample A1I15 (Fig. 6.6(f)), not only does the formation of ZnAl2O4 nanoinclusions becomes homogenous throughout the sample, but also,their extent is
reduced as compared to the non-In doped sample (A1). This suggests that In codoping in Al 1 at.% doped ZnO is helpful in improving the crystallinity and the
quality of the samples, a result which coincides with the XRD results discussed
earlier.
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Figure 6.6 SEM micrographs for sintered samples with total doping content ≥ 1at.%
and having a constant Al and varying In doping levels: (a) pure bulk ZnO pellet, (b)
sample A1, with the inset showing higher magnification, (c) sample A1I05, and (f)
sample A1I15. The bright spots in the SEM images are ZnAl2O4 nanoparticles. SEM
micrograph in (d) shows the zoomed in image of the encircled area in (c), illustrating
the phase segregation. (e) Zoomed in area of (c) showing no sign of ZnAl2O4
nanoparticles.

Fig. 6.7 shows the SEM micrographs of co-doped sintered samples with total
doping content ≥ 1at.%, having a constant In content (1 at.%) and varying Al
content. Adding Al to the In doped ZnO completely dissolves the existing platelet
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like structure and gives rise to porosity in the sample (Fig 6.7(b)). Distribution of the
ZnAl2O4 nano-inclusions, however, remains homogeneous throughout the sample.

Figure 6.7 SEM micrographs from sintered samples with total doping content ≥ 1at.% and
having a constant In and varying Al doping levels: (a) sample I1, (b) sample I1A05, and (c)
sample I1A15. The bright spots in SEM images are ZnAl2O4 nanoparticles. The insets show
these samples at higher magnification.

Unlike the co-doped samples with high doping levels, the low doped samples
(< 1 at.%) do not show any signs of ZnAl2O4 nano-inclusions (Fig 6.8(b) and (c)). It
appears that for low doping levels, In-doping prohibits the formation of the ZnAl2O4
secondary phase. For example, ZnAl2O4 nano-inclusions, which are observed for
sample A025, completely disappear in the samples A025I025 and A025I05. Also, in
contrast to the heavily doped samples, low doped samples have the tendency to have
diminishing grain sizes with increasing In content. Therefore, it can be concluded
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that the morphology and microstructure of the co-doped ZnO pellets is dependent not
only on the ratio of doping levels of the two dopants, but also on the extent of total
doping in the samples. This observation is readily supported by the data obtained
during thermoelectric properties measurements of the samples.

Figure 6.8 SEM micrographs for sintered samples with total doping content < 1at.%.
(a) sample A025, (b) sample A025I025, and (c) sample A025I05. The bright spots in SEM
images are ZnAl2O4 nanoparticles. The insets show the samples at higher
magnification.

6.3.2

Thermoelectric properties of co-doped ZnO
Fig. 6.9(a) shows the dependencies of the electrical conductivity (σ), Hall

mobility (µ), and carrier concentration (ne) of the co-doped samples with total doping
content ≥ 1at.% with varying amount of indium. The electrical conductivity is about
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50 Ω-1m-1 for the A1 sample. By introducing 0.5 at.% indium into the A1 sample, i.e.
for the A1I05 sample, the electrical conductivity increases to 624.69 Ω-1m-1, about two
orders of magnitude higher than for the A1 sample. By further increasing the indium
content to 1.5 at.%, the electrical conductivity increases to 1489 Ω-1m-1. This
increase in electrical conductivity can be attributed to the increase both in the carrier
concentration in the samples and in the carrier mobility caused by the indium
addition. Our Al doped ZnO samples can be regarded as ZnO/ ZnAl2O4
nanocomposites because of the presence of ZnAl2O4 secondary phase nanoinclusions (discussed in Chapter 4). The conductivity of these samples depends on
various factors, such as the intrinsic defects (e.g., Zn interstitials and O vacancies),
respective concentrations of Al atoms at substitutional and interstitial sites, and
various scattering centres created by the presence of ZnAl2O4 inclusions. The
impurity phase ZnAl2O4 possesses high electrical resistivity, and therefore it has a
detrimental effect on the electrical conductivity of ZnO, i.e. the electrical resistivity
increases significantly. Now, adding indium to the ZnO/ ZnAl2O4 sample helps to
reduce the amount of ZnAl2O4 (as can also be seen in the SEM micrographs, Fig.
6.6) by increasing the solubility of aluminium in the sample. In this way, more Al
atoms are made available for substitution in Zn sites, hence, increasing the carrier
concentration in the sample. Also, indium doping results in increased carrier
mobility, e.g., the mobility of ~5 cm2V-1s-1 for the A1 sample is increased to a value
of ~11.212 for the A1I15 sample. This result coincides with our earlier discussions
relating to the increased crystallinity in the In-doped samples, Zn0.99-yAl0.01Iny, as
observed by XRD and SEM. Therefore, indium/aluminium co-doping in Zn0.99yAl0.01Iny

samples has proven to be beneficial for improvement of their electrical

properties.
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Figure 6.9 Room temperature thermoelectric properties as functions of In
content: (a) σ, n, and μe, (b) κ, and (c) α of sintered samples with total doping
content ≥ 1 at.% having constant Al (1 at.%) and varying In doping levels in
Zn0.99-yAl0.01Iny. The thermoelectric properties of pure ZnO are provided on the
graphs for comparison.

An expected increase in thermal conductivity (Fig 6.9(b)) is observed with
increasing In-doping in Zn0.99-yAl0.01Iny samples, mainly due to the decrease in the
amount of ZnAl2O4 nano-inclusions, which are main contributing phonon scattering
centres (refer to Chapter 4) in the ZnO/ZnAl2O4 nanocomposite system. Also, as
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mentioned above, increasing In content in these samples improves crystallinity and
increases grain size, which will also contribute towards the increase in thermal
conductivity. The Seebeck coefficient, however, does not seem to be affected by the
co-doping and the values are similar for all the Zn0.99-yAl0.01Iny samples (Fig 6.9(c)).

Figure 6.10 Room temperature thermoelectric properties as functions of Al
content: (a) σ, n, and μe, (b) κ, and (c) α of sintered samples with total doping
content ≥ 1 at.%, having a constant In (1 at.%) and varying Al doping levels in
Zn0.99-xAlxIn0.01.
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Unlike Zn0.99-yAl0.01Iny samples, Zn0.99-xAlxIn0.01 samples with constant In
content (1at.%) and varying Al content show a trend towards decreasing carrier
mobility, starting from 8.75 cm2V-1s-1 for I1 to 4.60 cm2V-1s-1 for I1A15. As seen in
the SEM images (Fig. 6.7), the decrease in homogeneity, increase in porosity, and
increase in ZnAl2O4 secondary phase with increasing Al content contribute towards
lower carrier mobility. Moreover, as the carrier concentration in the A1I15 sample is
higher than in the I1A15 sample, we argue that a more efficient doping takes place in
the co-doped samples when In content is higher than Al content. As expected,
thermal conductivity for the samples (Fig. 6.10(b)) decreases with increasing Al
content due to the above mentioned reasons, i.e. the higher content of ZnAl2O4
inclusions has caused an increase in the phonon scattering. However, ZnAl2O4
cannot be considered as the only significant factor determining thermal conductivity
of the samples. For example, in A1I15 and I1A15, we would expect that the sample
with higher Al content will have lower thermal conductivity than the other, mainly
due to the higher amount of ZnAl2O4 secondary phase. As we see, however, this is
not the case as

= 4.27 Wm-1K-1 and

= 3.54 Wm-1K-1. This can be

explained by differences in the ionic radii of In, Zn, and Al. In+3 has a larger atomic
radius than Zn+2 and Al+3. Therefore, its substitution into the Zn site might induce
lattice distortions, which then act as strong phonon scattering centres. Also, the
presence of an impurity atom with large atomic radius in the ZnO lattice structure
should contribute towards lower thermal conductivity12. However, this could only be
observed for samples with high In content (1.5 at.%).

156

Table 6.3 Thermoelectric properties of co-doped ZnO samples with total doping levels <
1at.%.

σ

n

µe

(Ω-1m-1)

(cm-3)

(cm2V-1s-1)

A025

350

2×1018

11

2.77

-206

A025I025

6.29

3.9×1016

9.9

2.31

-323

A025I05

53

5.84×1017

5.6

2.42

-310

Sample

κ

α

(Wm-1K-1) (µVK-1)

Table 6.3 summarizes the thermoelectric properties of samples with total
doping levels < 1 at.%. The carrier concentration of these samples is about 2-fold
lower than for the highly doped samples. For example, the A025 sample is the best
among the Al only doped ZnO samples (Chapter 4), but the addition of only 0.25
at.% In to the sample (A025I025) causes a decrease in the carrier concentration of
more than 2 orders of magnitude. This indicates the lack of efficient doping in the
low doped samples, which coincides with the small band-gap shift in these samples.
Furthermore, our earlier discussions on the XRD patterns of the samples support our
claim that in low-level doped samples, the actual doping induces compressive stress
or strain in the ZnO lattice, rather than resulting in substitution. The reason for this is
not very clear, however, it seems that for co-doped ZnO samples, high doping levels
are more effective.
A theoretical calculation of the Seebeck coefficient was carried out to analyse
the scattering mechanism in the co-doped ZnO samples (see Chapter 4 for
equations). Fig. 6.11 shows the calculated Seebeck coefficient as a function of the
carrier concentration alongside the experimental results. Below the electron
concentration ne = 1017 cm-3, the experimental value is much lower, which might be
due to the contribution from holes. Our calculations do not take into account the
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presence of holes. Therefore, the co-doped samples with < 1 at.% doping levels have
not been plotted here. The experimental values for both sets of samples, i.e. Zn0.99xAlxIn0.01

and Zn0.99-yAl0.01Iny, appear to lie near the theoretical prediction, based on

the above equations for λ = 1/2. This implies that optical phonon scattering is the
dominant scattering mechanism for higher carrier concentrations in co-doped
samples. Optical phonon scattering was determined to govern the scattering in
indium-only doped ZnO (Chapter 5, Fig. 5.5(d)) as well. In contrast, for Al-only
doped ZnO, the measured α300K values lie below the theoretical values for all the
mentioned charge carrier scattering mechanisms (see Chapter 4, Fig 4.9(d)). This
observation points to strong scattering from extended defects such as grain
boundaries and ZnO/ZnAl2O4 interfaces. Hence, it can be said that indium is more
influential than aluminium in terms of the carrier scattering mechanism in co-doped
ZnO.

Figure 6.11 Seebeck coefficient plotted as a function of electron concentration. The
solid lines are the calculated plots for λ=½,

⁄

and -½, denoting electron scattering

from optical phonons, ionized impurities, and acoustic phonons, respectively.
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6.4 Conclusion
In this work, we synthesized bulk assemblies of Al/In co-doped ZnO
nanocrystals with enhanced thermoelectric properties by a rapid and scalable
microwave-activated technique. Co-doping, with total doping levels ≥ 1at.%, proved
to be beneficial in improving the thermoelectric properties of this system by
increasing the solubility limit of the dopants. The highest carrier concentration
obtained was 8.3 × 1018 cm-3 for the A1I15 sample, with values higher than that
obtained for the best indium (Chapter 5) and aluminium (Chapter 4) only doped ZnO
samples. Due to the increased carrier concentration, a reasonable high electrical
conductivity of 1489 Ω-1m-1 was obtained, resulting in a high power factor, of
0.86×10-4 Wm-1K-2. This value of the power factor is higher than those calculated for
In- and Al-only doped samples, e.g. α2σ (0.5 at.% In doped) = 0.79 × 10-4 Wm-1K-2
and P.F. (0.25 at.% Al doped) = 0.18 × 10-4 Wm-1K-2. This implies that co-doped
samples have very high potential for further improvement of the TE properties of
ZnO. Although various ratios of Al/In doping were studied in this work, there is still
plenty of room for further optimization and tuning of the Al/In proportions to achieve
the best thermoelectric performance in this oxide system.
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CHAPTER 7
7 Thermoelectric properties of Ca3Co4O9 and
Ca2.8Bi0.2Co4O9 thin films on LaAlO3 substrate
fabricated by pulsed laser deposition

7.1 Preface
Ca3Co4O9 is among the most promising p-type oxide materials for high
temperature thermoelectric (TE) applications, with the figure-of-merit (ZT) obtained
for a single crystal reaching as high as 0.83 at 1000 K1. Although, many advanced
applications require large-size Ca3Co4O9 single crystals, they are difficult to fabricate
owing to the strong anisotropy in the crystal growth and electrical properties. Owing
to this fact, a large amount of research has been carried out on improving the TE
properties of randomly oriented polycrystalline Ca3Co4O9 ceramics, but with very
limited improvement2-5. Therefore, several efforts have been made to improve the
texture of Ca3Co4O9 ceramic by various methods, such as spark plasma sintering7,
magnetic alignment8, and hot-forging processes9, owing to a general belief that the
grain boundaries negatively affect the TE properties of this system. Epitaxial growth
and c-axis oriented films fabricated using pulsed laser deposition (PLD)10, 11, radiofrequency (rf) magnetron sputtering12 and the topotactic ion exchange method13, have
proven to be successful in improving the TE properties of this system. The thin film
approach not only holds the potential of reducing the thermal conductivity of the
system through lattice mismatch and the introduction of various scattering centres in
the film, but can also result in the enhancement of thermopower through structures
such as superlattices and quantum wells14.
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In this study, we used the PLD technique to deposit Ca3Co4O9 and
Ca2.8Bi0.2Co4O9 thin films on LaAlO3 (LAO) substrate. Bismuth was chosen as a
dopant because Bi substitution has been proven to be effective in increasing
thermopower (α) while maintaining electrical conductivity (σ) in the bulk counterpart
of this system3-5, as well as in single crystals15. However, so far, there are only two
reports on the TE properties of Bi doped Ca3Co4O9 thin films16, 17. Therefore, it is
interesting to investigate and study the effects of Bi doping on the properties of thin
film fabricated using the PLD technique.

7.2 Experimental
Ca3Co4O9 and Ca2.8Bi0.2Co4O9 (denoted as CCO and CB02 respectively) thin
films were prepared on a (001)-oriented perovskite based substrate, LaAlO3 (LAO),
at substrate temperatures between 550 and 750 °C and 10 Pa oxygen pressure with a
Nd: YAG laser (Lab- 170, λ = 355 nm). The laser energy density and repetition rate
were fixed at 0.15 J/cm2/pulse and 10 Hz, respectively. The ceramic targets were
synthesized through the solid state reaction method as follows: Oxide powders,
namely, CaCO3, Co3O4, and Bi2O3, in their required ratios were mixed together in a
planetary ball mill for 12 hours and then calcined at 700 °C/ 12 hours. After cooling
down, this powder mixture was again ball milled for 5 hours and calcined again at
700 °C/ 20 hours. The powder was then compacted into pellets in the form of 1 inch
diameter disks under a pressure of 40 MPa and then sintered at a temperature of 750
°C for 20 hours, with the sintering procedure repeated twice.
The phase purity of the final target samples as well as that of the thin films
was detected by X-ray diffraction (XRD) analysis by means of a GBC MMA
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diffractometer with a Cu-Kα radiation source (λ = 0.154 nm). Surface roughness of
the thin films was characterized by an atomic force microscope (AFM; Asylum
Research MFP- 3D SA). The surface topographies of the thin films were examined
by using a scanning electron microscope (SEM; JEOL7500 FA, Japan). The
thermoelectric properties of Ca3Co4O9/LAO and Ca2.8Bi0.2Co4O9/LAO were
determined using a physical properties measurement system (PPMS, Quantum
Design).

7.3 Results and Discussion
7.3.1

Fabrication and Characterization
Substrate temperature is known to be a critical parameter in thin film

fabrication, and therefore, its optimizations is necessary18, 19. Initially, Ca3Co4O9 thin
film was fabricated on LAO substrate at three different substrate temperatures, i.e.
550 °C, 600 °C, and 750 °C. All the parameters except the substrate temperature
were kept constant. Fig 7.1 shows the XRD results of the three thin films. For the
thin film deposited at 550 °C, the only observable peak is the (004) reflection, with
very high LAO substrate reflections. The crystallinity of the film deposited at this
temperature was found to be quite poor. This can be attributed to the PLD kinetics,
where high substrate temperature can provide sufficient surface diffusion to allow
surface atoms to migrate towards thermodynamically stable sites and crystallize11.
Therefore, increasing the substrate temperature to 600 °C improved the crystallinity
of the film, as seen in the XRD pattern, which shows diffraction peaks corresponding
to only (00l) Ca3Co4O9 film reflections or reflections from the substrate. The XRD
pattern therefore shows dominant c-axis alignment with no evidence of secondary
phase in this film. Increasing the substrate temperature further to 750 °C, partly
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decomposes the Ca3Co4O9 phase into Ca3Co2O6 phase20, with reflections marked in
the XRD pattern.
Several kinds of growth modes and characteristic structures can be observed
during the deposition of atoms on a flat substrate6. The four major structures are
illustrated in Fig. 7.2. A layer by layer or an epitaxial growth mode is called the
Frank − van der Merwe mode (FM). However, sometimes the FM structure is found
to exhibit undulations in the thickness, which is an indication of the uniform film
being unstable. This leads to an eventual breakup of the FM film structure into a
Stranski-Krastanov mode (SK) or Volmer-Weber mode (VW). The SK growth
method is observed in our Ca3Co4O9 thin film. It is described as an initial 2D growth
of a few monolayers with grains oriented in a (00l) orientation (Fig. 7.3(a)), followed
by 3D cluster growth on these monolayers (Fig. 7.3b). In the literature, different
kinds of growth modes such as VW11 and columnar21 have been achieved for the
PLD deposited Ca3Co4O9 system apart from the epitaxial growth22.
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Figure 7.1 XRD patterns of pure Ca3Co4O9 (CCO) thin films deposited on
LAO substrate at a substrate temperature of (a) 550 °C, (b) 750 °C, and (c)
600 °C.
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Figure 7.2 Schematic illustration of the Frank − van der Merwe
(FM), Stranski-Krastanov (SK), and Volmer-Weber (VW) growth
modes, which are observed when material is deposited onto a
crystalline substrate under conditions with large surface mobility.
The polycrystalline mode is influenced by limited surface
mobility (Fig Ref6).

AFM images of the as-grown Ca3Co4O9 thin film also confirm the StranskiKrastanov growth structure. A height profile of the 2D thin film was taken over the
location indicated in the AFM image in Fig 7.4(a). A 1.4 μm long line profile in Fig
7.4(b) shows that the thickness of the 2D thin film is ~14 nm, and the clusters are an
average of ~90 nm high. Energy dispersive spectroscopy (EDS) spectra were
collected at various different spots on the thin film, and it was observed that the
clusters were comprised of the Ca rich CaxCoO2 phase along with the Ca3Co4O9
phase. For example, the EDS spectra in Fig. 7.3(c) and (d) were taken from the thin
film and the cluster, respectively, and clearly exhibit the difference in the Ca content
between the two spots. A similar result was reported by Cieniek et al. in their study
of (Co, Ca)O PLD thin films, as they also observed Ca rich droplets on their thin
films21, the origin of which is not very clear. From the quantitative EDS data, the
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cation ratio of the 2D part of the thin film (Spot 1) was determined to be Ca:Co =
3:4.1, which shows that the stoichiometry in the thin film is maintained. It is stated in
the literature11 that during the PLD synthesis, the CaxCoO2 structure forms first,
particularly at the boundaries of nuclei with high defect density. However, if given
enough ripening time during the coalescence process of the nuclei, a well aligned
CCO thin film can be formed. In a different process, CaxCoO2 can also combine with
ambient Ca and oxygen and transform into the CCO structure, again giving us a well
textured CCO thin film. Following the above argument, the clusters can be thought
of as the initial formation of the CCO structure, and therefore, they consist of
CaxCoO2 phase as indicated by EDS analysis.
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Figure 7.3 SEM micrographs of the surface of the thin Ca3Co4O9 film showing (a) the initial
2D growth of monolayers with grains aligned in a (00l) orientation, and (b) lower
magnification image of the film showing the 3D cluster growth. (c) and (d) are the EDS
spectra collected from spot 1 and spot 2 of (b), respectively.
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(b)

Figure 7.4 (a)AFM images of the Ca3Co4O9 thin film on LAO substrate deposited
at a substrate temperature of 600 °C. (b) Height profile of the 2D thin film taken
over the location indicated by the red line in the AFM image in (a). (c) Three
dimensional AFM image of the thin film.

Ca3Co4O9 thin film with 2 at % Bi doping were also deposited on LAO
substrate. The SEM micrographs in Fig. 7.5 show the surface morphology of the
Ca2.8Bi0.2Co4O9 thin film. Compared to the pure Ca3Co4O9 thin film (Fig. 7.3(a) and
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(b)), Bi doping not only results in increased grain size (see Fig. 7.5(a)) but also
increases the cluster density in the film (see Fig. 7.5(b)). The XRD pattern (Fig 7.6)
shows the decrease in the peak intensity as well as the broadening of the peaks due to
the Bi doping. This deterioration of film crystallinity can be a result of the high
cluster density in the Ca2.8Bi0.2Co4O9 thin film. The cluster size, on the other hand, is
observed to be much smaller than for the Ca3Co4O9 thin film. Fig. 7.7 illustrates the
average dimensions of the largest clusters observed in both films, along with the
variation in film thickness as observed from the AFM and SEM analyses. The
average diameter and the average height of the largest cluster for Ca2.8Bi0.2Co4O9 is
found to be ~ 70% and ~ 22% lower than the ones observed for the Ca3Co4O9 thin
film, respectively. No apparent change was detected in the thickness of the 2D
monolayers in both kinds of films, which was observed to be ~ 14 nm. As both thin
films were deposited under the exact same conditions, as well as for the same time,
therefore, the difference in the morphology can be considered to be due to the
presence of Bi in the system. It appears that Bi doping reduces the amplitude of the
undulations and, hence, restricts the ripening of the clusters. Therefore, the merging
of the smaller clusters into the larger ones is impeded and thus, the process does not
allow the average cluster size to increase6. This argument explains the large number
of relatively small clusters observed in Ca2.8Bi0.2Co4O9 thin film. This kind of
incomplete cluster coalescence also leads to pinhole formation23, 24 which can be seen
as the dark spots in Fig. 7.5.
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Figure 7.5 (a) High and (b) low magnification SEM micrographs of the surface of
Ca2.8Bi0.2Co4O9 thin film deposited on LAO substrate, illustrating the grain size and the
cluster density in the film.

Figure 7.6 XRD patterns showing two most prominent peaks, (002)
and (004), of Ca3Co4O9 (CCO) and Ca2.8Bi0.2Co4O9 (CB02) thin
films.
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Figure 7.7 A Schematic illustration of the differences in surface morphology
between the two studied thin film families.

7.3.2

Thermoelectric Properties of CCO and CB02 thin films
Fig. 7.8(a) shows the electrical transport and Seebeck coefficient for the

undoped and Bi-doped samples. The trend in the electrical conductivity in our films
indicates semiconductor type transport in the temperature range studied. This
behaviour is very different from the one observed in the literature25, i.e. the carrier
transport is reported as metallic for the temperatures between ~100 and ~400 K.
Also, our values for σ350K are 705 Ω-1m-1 and 388 Ω-1m-1 for Ca3Co4O9 and
Ca2.8Bi0.2Co4O9 thin film, which are about two times lower than earlier reported
values26. Two basic reasons can be suggested for low electrical conductivity in our
thin films: 1) very small thicknesses (~14 nm) and 2) the texture of the thin films
which consists of clusters. Now, as the effective 2D film thickness is very low in our
case, therefore, a contribution of electrical conduction from the clusters is also
expected and cannot be neglected. These clusters, as discussed in the previous
section, are considered to consist of CaxCoO2 phase, which has higher electrical
resistivity than Ca3Co4O9 phase, although both have layered structures27,

28

. The

clusters present in our thin films also represent areas of dislocation and incomplete
nucleation and, hence, might act as carrier scattering centres. We propose that the
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conduction in our thin films takes place through a temperature activated hopping
mechanism in the temperature range measured. During the conduction process, the
holes are eventually trapped at structural defects, which are the clusters in our case,
and the transport continues as a tunnelling from one defect to another, causing the
unusual transport phenomena29.
Another point to note is that unlike the earlier reported work, Bi doped film is
more resistive than the pure Ca3Co4O9 thin film (Fig 7.8(a)). It is found that with Bi
doping, the carrier concentration decreases due to the Bi+3 substitution for divalent
Ca+2 in the [Ca2CoO3] layers, which inject electrons into the conductive [CoO2]
layer16. Therefore, the increase in conductivity due to Bi doping has been reported to
take place due to the improvement in the charge carrier mobility3. However, this does
not seem to be happening in our case. This can be related to the increase in the
cluster density as a result of Bi doping. It was shown that the trapping rate of the
holes is directly proportional to the concentration of trapping sites (in our case,
clusters) and the radius of trapping sites29. As the increase in cluster density with Bi
doping is much higher than the reduction in the cluster radius, therefore, we can
assume that the increase in resistivity is mainly caused by the larger number of
clusters, which consequently increase the number of defect sites and dislocations in
the structure of the film.

173

Figure 7.8 Temperature dependence of (a) σ and (b) α for
Ca3Co4O9 and Ca2.8Bi0.2Co4O9 thin films.

The room temperature Seebeck coefficient (Fig. 7.8(b)) for our Ca3Co4O9 and
Ca2.8Bi0.2Co4O9 thin films is found to be 136 μVK-1 and 163 μVK-1, respectively,
which is among the largest reported for Ca3Co4O9 thin films17. Such high Seebeck
coefficient results in a reasonable power factor of α2σ300K ≈ 0.13  10-4 Wm-1K-2 for
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CCO and α2σ300K ≈ 0.1  10-4 Wm-1K-2 for CB02 thin film. These values fit well
among those reported previously for this system16,

25

. Furthermore, the Seebeck

coefficient of CB02 thin film increases almost linearly with increasing temperature.
Now, similar to the Drude picture, the Seebeck coefficient of the Ca3Co4O9 system
can be expressed as α ≈ ce/n16 where ce is the electronic specific heat and n is the
carrier concentration. As n is known to decrease with Bi doping, the increase in α
due to the Bi doping is expected. Also, a large thermopower in our thin films can be
explained on the basis of the fact that the Seebeck coefficient for a given carrier
density n increases as the scattering parameter increases30. The presence of resistive
clusters surrounded by defects and dislocations, which are considered as trap sites for
holes, can be considered a source of efficient sites for filtering the charge carriers
having lowest energies, resulting in a large Seebeck coefficient.

Figure 7.9 Temperature dependence of κ of the CCO and CBO2 thin
films on LAO substrate along with the thermal conductivity of the
substrate for comparison.
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The obtained values of thermal conductivity (κ) are measured as a whole
parameter, i.e. the thin film plus the substrate. We see that the major κ contribution in
the CCO and CB02 thin films comes from the LAO substrate with κ350K ≈ 11.40
Wm-1K-1. The carrier contribution κcarr towards total κ was calculated using the
relation31:
,
where, L0 is the Lorentz constant, whose value is 23.012  10-9 JΩ/secK2, T is
temperature in Kelvin, and ρ is electrical resistivity in Ω-m. The values of κcarr are
calculated to be ~0.005 Wm-1K-1 and ~0.003 Wm-1K-1 for CCO and CB02,
respectively. Even though the κcarr for CB02 is ~30% lower than for CCO, we still
observe a lower κtotal of ~8.45 Wm-1K-1 for CB02/LAO compared to the κtotal of
~11.23 Wm-1K-1 for CB02/LAO. These figures indicate that the CB02/LAO sample
has a significantly larger number of phonon scattering centres as compared to the
CCO/LAO thin film. This again can be easily related to the presence of the higher
cluster density in the CB02 thin film. Although the figures are quite figurative, in
order to determine the real thermal conductivity of the individual films, a special
measurement technique, such as laser flash analysis, needs to be performed. This
additional information would provide important information on the intrinsic
thermoelectrical properties of Ca-349 thin films.

7.4 Conclusion
In this study, Ca3Co4O9 and Ca2.8Bi0.2Co4O9 thin films were fabricated on
LAO substrate using the pulsed laser depostion technique (PLD) with varying
substrate temperatures between 500 and 750 °C, with samples deposited at 600 °C
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being selected as representative. The growth mode in our thin films was observed to
be Stranski-Krastanov (SK) mode, in which the structure consists of initial 2D thin
layers followed by the growth of 3D clusters. The effective film thickness was
determined to be ~14 nm for both groups of thin films. Bi doped samples showed a
considerably higher density of clusters as compared to undoped samples. Owing to
this cluster growth, a peculiar conductivity trend was observed in our thin films, with
a room temperature σ of 705 Ω-1m-1 and 388 Ω-1m-1 for the Ca3Co4O9 and
Ca2.8Bi0.2Co4O9 samples, respectively. We reported a very high Seebeck coefficient
for both thin films with values of 136 μVK-1 and 163 μVK-1 for CCO and CB02,
giving us a considerable power factor of ~0.13  10-4 Wm-1K-2 for CCO and α2σ300K
≈ 0.1  10-4 Wm-1K-2 for CB02 thin film. We found that the formation of clusters
helped in the reduction of thermal conductivity. It is evident that further
improvements to the properties of the films are necessary. These can be achieved by
improving the texture of the films and control of the cluster distribution and
formation during the thin film growth. Structural and thermoelectrical effects and
phenomena observed during the course of this work suggest that detailed
microstructure studies and the development of new physical approaches and models
are necessary to fully understand the thermoelectric conversion potential of this
oxide based material.
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CHAPTER 8
8 Conclusions and proposed future work
In this work, the morphology, microstructure, thermoelectric and thermal
properties, as well as Hall mobility and carrier concentration in ZnO thermoelectric
oxide have been systematically studied as a function of various synthesis procedures
and elemental doping. Table 8.1 represents the thermoelectric performance data for
best samples in their respective category. The optimization of ball milling procedures
revealed that high energy (750 rpm) wet ball milling results in best performing
samples having a semiconductor-metal transition observed at around 400 K. Very
high electrical conductivity of σ300 K ~ 8.2
1

103 Ω-1m-1 and σ1000 K ~ 1.09

104 Ω-

m-1 was measured for 0.5 at.% Ga doped ZnO which was directly correlated to the

increase in charge carrier concentration due to the Ga substitution as well as the
presence of oxygen vacancies that induce formation of voids during high energy
(HE) ball milling. Furthermore, Jonker plot analysis showed a huge power factor of
α2σ ~ 3.8 10-3 Wm-1K-2 which was predicted for sample with conductivity of σ ~
1170 Ω-1cm-1 at ~ 500 K. This finding indicates that Ga doped ZnO has very high
potential for practical thermoelectric applications. It is important to note, however,
that a more detailed analysis of the voids is required to bring the experimentally
obtained values closer to the theoretically predicted values. We propose that a better
optimization of ball milling conditions, such as milling time, milling speed, wetmilling agent, etc., should be performed in order to make the distribution and size of
the voids more homogeneous in the ZnO matrix. Increase in homogeneity might
further help in the enhancement of thermoelectric properties of this system.
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Table 8.1 σ, α, κ, α2σ, n, and μe of the samples showing best thermoelectric properties in
their respective category. Pure ZnO values are also shown for comparison.

σ
2

-1

α
-1

(10 Ω m )

Sample

(Temp./K)

300

1000

α2σ

κ
-1

-1

(μVK )

-1

-4

(Wm K )

-2

(10 Wm K )

300

1000

300

1000

μ

n
-1

300

1000

18

-3

(10 cm )

2

(cm V-1s-1)

High energy wet ball milled
Pure ZnO

0.07

9.4

-398

350

47

-

0.002

0.93

-

-

0.5 at%

82

109

-134

185

31.1

-

1.7

3.7

-

-

0.01

-

-486

-

7

-

0.002

-

0.001

37

3.5

84.3

-206

315

2.77

1.9

0.18

8.33

2

11

10.4

143

-326

293

6.31

-

0.79

12.3

2.4

16

0.16

-

-491

-

7.6

-

0.04

-

0.073

14.2

14.8

-

-241

-

3.54

-

0.86

-

8.3

11.21

Ga doped

Microwave synthesis
Pure ZnO
0.25 at%
Al doped
0.5 at%
In doped
0.25 at%
Bi doped
1 at% Al
doped+
1.5 at% In
doped

We have also employed microwave assisted sample synthesis technique to
form nano-structure based bulk ZnO samples. This technique was proved to be
extremely powerful to improve TE properties of resulting materials by significantly
reducing thermal conductivity of the final materials. From the data shown in Table
8.1 it is clear that for microwave synthesized ZnO, lower electrical conductivity of
σ~1 Ω-1m-1 is compensated by high Seebeck coefficient α~ -486 µVK-1 which then
gives a power factor similar to that of best ball milled ZnO. Furthermore, very low
thermal conductivity κ300K ~7 Wm-1K-1 (about seven-times lower than that for ball
milled ZnO) was observed mainly due to the nanostructuring. Doping with Al further
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improved the performance of this system by forming ZnAl2O4 nano-inclusions in the
matrix. For 0.25 at.% Al doped ZnO, despite relatively low electrical conductivity at
room temperature, i.e. σ~350 Ω-1m-1, , high temperature values measured reached as
high as σ~84.3

102 Ω-1m-1 at 1000 K giving us a bulk like power factor of ~8.33

10-4 Wm-1K-2 with an ultra-low thermal conductivity of ~1.9 Wm-1K-1 as determined
by Debye Callaway model. Our projected ZT for this sample was ZT~0.44, which is
~50% higher than the highest ZT obtained for non-nanostructured Al-doped ZnO at
≥1000K.
Indium doping during microwave synthesized ZnO produced higher power
factor than Al doping, example.g. the values of power factor for 0.5 at.% In doped
ZnO was α2σ300K~0.79×10-4 Wm-1K-2 and α2σ1000K~12.3×10-4 Wm-1K-2, respectively,
which is about ~32 % higher than that for Al doped ZnO. This can be attributed to a
better indium substitution into Zn sites as well as the absence of any secondary
phases in the samples. The absence of nano-inclusion, however, resulted in a ~50 %
higher κ300

K

values for In doped samples as compared to Al doped ZnO.

Nevertheless, for both the systems, i.e. Al and In doped ZnO, the monotonic increase
in the α2σ300K with electron concentration n suggested the possibility of further
enhancing α2σ and ZT by optimizing the doping levels at high electron
concentrations n > 1018 cm-3. These results establish a great avenue for the
improvement of TE properties of ZnO system and, hence, an open path for obtaining
high ZT in ZnO for low-cost practical waste heat harvesting.
Since individual dopings resulted in quite strongly improved TE properties of
ZnO, it was interesting to investigate double doping effects in the same system. The
rationale was that while In doping would provide high power factor, the formation of
Al based nano-inclusions would result in lower thermal conductivity. With this in
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mind, we have synthesized In-Al co-doped ZnO samples using microwave synthesis
technique. Using this approach we have further succeeded in enhancing TE
properties of ZnO system. For instance, our best samples in co-doped category, i.e.
1at% Al doped along with 1.5at.% In doped ZnO (A1I1.5) exhibited the highest σ300 K
of ~ 14.80 ×102 Ω-1m-1 as compared to all other microwave synthesized samples. Codoping proved to increase the solubility limit of the dopant atoms which
consequently resulted in the increased charge carrier concentrations. A very high
power factor α2σ300

K

~ 0.86

10-4 Wm-1K-2, highest among all the microwave

synthesized samples was achieved for A1I1.5 sample. The expected decrease of κ
value was also observed with a κ300K ~3.54 Wm-1K-1 compared κ300K ~6.31 Wm-1K-1
obtained for 0.5 at% single In doped ZnO. Although, in our study, a large number of
samples with varying Al and In doping levels were synthesized and measured, to
further improve thermoelectric properties of this system it is still necessary to
continue optimization of doping levels.
Apart from the group III elements as dopants, a group V element, bismuth,
was also employed as a dopant in our work. It was found that Bi doping caused
dramatic decrease in carrier concentrations, as low as 1016 cm-3, which consequently
resulted in a very low electrical conductivity of ~ 16.7 Ω-1m-1 and high values of
Seebeck coefficient α300 K~ -486 µVK-1. Such low carrier concentrations originated
from an inefficient substitution of Bi into Zn sites and also the combination of Bi
with other point defects forming defect complexes such as BiZn-Zn vacancies or BiZnVZn-Oi.
In this work we have also explored the opportunities to improve
thermoelectric properties of oxide materials by fabrication of thin films using pulsed
laser deposition (PLD) technique. In our study we have selected Ca3Co4O9 and
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Ca2.8Bi0.2Co4O9 as representative materials owing to their high Seebeck coefficient
values. Evaluation of the growth processed indicated that our thin films are formed
following Stranski-Krastanov mode (SK), where 3D clusters grow on approximately
~14 nm thick 2D thin film. The clusters were found to correspond to CaxCoO2 phase.
The so formed clusters, being highly resistive due to the presence of CaxCoO2 phase,
are surrounded by numerous defects and dislocations which, in fact, act as carrier
trap sites that cause energy filtering leading to high Seebeck coefficient values.
Thermopower measured showed 136 μVK-1 and 163 μVK-1 for Ca3Co4O9 and
Ca2.8Bi0.2Co4O9 thin films, respectively. The obtained values are among the highest
ever reported for this system. Therefore, despite relatively low electrical
conductivity, high values of Seebeck coefficient resulted in a reasonable power
factors for our samples, i.e. α2σ300K ~0.1310-4 Wm-1K-2 for Ca3Co4O9 and α2σ300K
~0.110-4 Wm-1K-2 for Ca2.8Bi0.2Co4O9. It is obvious that formation of clusters is
beneficial for the overall improvement of TE performance of materials mainly due to
the enhanced phonon scattering. However, it is imperative to better control the
density of these clusters so to limit their negative impact onto electrical properties of
these structures.
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